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PREFACE 


Tills Is rhe final technical report for NASA Contract NAS9-14180, 
Modification 5S, entitled "Detection of Long Wavelength Infrared at Moderate 
Tenperatures". This report covers work performed during the period from 
November 1, 1975 th’^ough March 15, 1977. 

This work was performed for NASA London B. Johnson Space Center, 
Houston, Texas by the Honeywell Elcctro-Optics Center (EOC) in Lexington, 
Missarhuset ts in cooperation with the Honeywell Corporate Research Center 
(CRC) in Bloomington, Minnesota. 

The Contract Monitor for this program x/as Mr. James E. Kessel of NASA 
Lyndon B. Johnson Space Center. Mr. Richard R. i'lchard of NASA Lyndon B. Johnson 
Space Center Initiated this program and was Contract Monitor during its initial 
months. 


The Project Engineer for this program was Dr. Timothy J, Tredwell and 
the Program Manager was Dr. Marlon B. Reine. 

Due to the wide diversity of areas investigated, the program required 
contributions from a cumber of people. Section 2 ("Signal and Noise in Quantum 
Detectors") and Section 3 ("Materials for Quantum Detectors") were prepared by 
Dr. G. U. Long of Honeywell Corporate Research Center with assistance f’’om 
Dr. Paul Peterson and Hr. S. Schuldt also of HoneyX'jell Corporate Researen Center. 
Section 4 ("Present Performance and Ultimate Limits of Photodiodes") and Section 
5 ("Present performance and Ultimate Limits of Photoconductors") were prepared 
by Dr. T. J. Tredwell with assistance from Mr. S. J. Tcblu. Section 6 ("Pyro- 
electric Detectors") was prepared by Di . P. C. Leung with assistance from 
Pr. A. M. Chiang, and Dr. N. R. Butler. Section 7 ("Conclusion and Recommendations") 
was prepared by Drs. T. J. Tredwell and G. D. Long. 
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SECTION 1 
INTRODUCTION 


Detection of Infrared x idlatlon In the 8 to 12 micrometer spectral 
band has found widespread appllcdClon during the past two decades for a variety 
of space, nllltary and industrial applications. The atmospheric transmission 
window at 8 to 12 microoeters, combined with the occurrence at approximately 10 
micrometers of the peak ir che spectral power distribution for emission from a 
300 K blacVbody radiator, have made this band Important for coll'’ctlon of thermal 
information about the earth from a satellite. 

For satellite-based applications, the operating temperature of the 
detector is of critical Importance. For multi-spectral sensors, the visible 
channels may be operated at 300 K and the channels in the 1.55-2.35 micrometer 
spectral region may be operated at 193 K - 250 K. However, detectors for the 
8 - 14 pm channel require cooling to 60 - 90 K. On the one hand, as the oper- 
ating temperature is Increased the detector sensitivity decreases rapidly. On 
the other hand, severe size, power and weight constraints for space operation 
dictate as high an operating tempera*'ure as possible. Thus, development of 
infrared aetectors which are capable of operating at elevated temperatures with 
adequate sensitivity has substantial payoff in terms of sensor weight .ind cost. 


1.1 PROGRAM OBJECTIVES 

The objective of this study was to define the most promising technical 
approaches for the advanced development of 8-12 toicrometer detcctoi s operating 
at elevated temperatures. Tne in’^estigatlon consisted of three tasks. The first 
task was to determine the theoretical limits to performance of 8-12 tricroneter 
detectors. The two classes of detectors considered were qu.intum detaciors (photo- 
conductive and photovoltaic) and thermal detectors (pyroelectrics, bolometers etc). 
An analytic model of signal and noise in both quantum detectors and pyroc,.ectrlc 
detectors was developed and candidate materials for both detector types identified 
and examined. The second task was to determine the present status of both quantum 
and thermal detectors and Isolate the parametexs jlmJclng operating temperatu e 
ard detectivity. The final task was to laentlfy the areas of research and develop- 
ment likely to lead to detector performanAe near the theoretical limit. 

1.2 PROGRAM SUMMARY 

The two classes of detectors considered for detection of 8-12 micrometer 
radiation were quantum detectors and thermal detectors. Quantum detectors Include 
photovoltaic detectors (such as p-n junctions, heterc 3 \inctions , SchotLky b.irricr 
photodiodes and charge storage (CID) devices and photoconductlve detectors, both 
irti-lnslc and extrinsic. Thermal detectors include bolometers ana pyroelivtrxr 
detectors. Of the therm.il detectors, the pyroelectric afpeared to oficr the he-^L 
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prospcoto for nost NASA applications and was the only thermal detector studied 
in detail. 


The fiiat task was to determine the theoretical limits for «‘lcvateo 
tenper.itur’ operation of 8-i4 pm quantum detectors. Due to the inherent disad- 
vantage of extrinsic quantum detectors In operating temperature as compared to 
intrinsic quantum detectors, o- ly intrinsic detectors were considered in detail. 

The theory of intrinsic quantum detectors is considered in detail in 
Section 2. The signal mechanism is creation of electron-hole pairs by incoming 
radiation; the noise mechanism .nt high temperatures is thermal generation of 
electron-hole pairs. It was found that there is a theoretical ’imic to detectivity 
for quantum detectors which depends only on the bandgap of the semiconductor for 
E , the operating temperature T, and the index of refraction of the semiconductor 
n? 

”1 ■ "s'"’"’ 

where A is the wavelength, k is Boltzmann’s const.int and h is Planck's constant. 

In order for a quantum detector to achieve that limit a number of condi- 
tions must be met. The most fundamental of these is a condition on the minority 
carcier lifetime. The maximum can be achieved if the minority carrier life- 
time is limited only by radiative recombination. 

In addition, it was found that for a photodiode or pliotocondui. lor to 
achieve the theoretical llmf ro detectivitj, the sumu omJiu tor volume rust be 
reduced to that necessary :o collect signal. For a photodiode this can be achieved 
by an electrically-reflecting backside contict, a device design origin ill^ developed 
for silicon solar cells. 

The second task was to identify candidate detector niuterials rd determine 
material parameters. It was determined in Task 1 that all semiconr'i. ;tor materials 
of equal band-gaps could .id i eve approximately the same detecti/ity if the> could 
achieve mincri tj -carrier lifetimes limited only by radiative recombination. Tlius, 
the primary objective of the study of materials for quantum detectors was to 
determine -..f any presently used material or any new material could achieve lifetimes 
limited only by radiation recombination. 

Hie other recombination mechanisms which can limit lifetime are Auger 
recombin l ion and Shoe klev-Ke..d recombination. Shockley-Rcnd rccon-binaLieu depends 
on the defects in the bcmlconductor and as such is not an inherent limit ition. Auger 
recombination is .i fundamctunl limitation and depends strongly on c rdurtor 

band strui tiiros. On this i rogram the giincral dependence if Auger lifetime on 
band structure was e.xarointd and c.alcuJations of Auger lifetime were rile for both 
p-type (Hg,Cd)le and degeiiciate n-type (Hg,Cd)Te. 


^ Actual 8-14 pn detector materials fall well below the theoretical 

li'ait. Tnc present performance of 8-14 jjro photovoltaic and photo^ondnctivc 
detectors was examined, flie objective of Task 3 wao to assess present perfor- 
mance at el ivated tempi-ratures , model the available data to isolat'^ the param- 
eters limiting pei fornance and finally to assess what ieprovonent is possible. 

The results of this study are reported in Section 4 for photovoltaic detectors 
and Section 5 for photoconductive detectors. 

In addition to quantum detectors, thermal detectors were also examined 
on this program. The thermal detector judged most likely to fulfill future NASA 
requirements wat- the pyroelectric; this type of detector was examined in detail. 
Pyroelectrics offer a fundamental advantage over quantum detectors in that they 
operate at room temperatur<» Tho disadvantages Include low sensitivity, poor 
frequency response, low ,ier requirements and difficulty in achic'’lng 

high sensitivity in small area elements. 

Of these disadvantages the low detectivity at moderate frequencies appears 
to be the most important. The theoretical llioit to detectivity for a pyroelectric 
is 1.8x10^® cm Hz^/W. The best present detectors approach within a factor cf 3 of 
the theoretical Unit at low frequencies (10 Hz) and large element size (0.6 nro dia- 
meter). The parameters limiting present pyroelectrics were examined and the 
development needed to achieve theoretical limited detectivity at moderate frequen- 
cl3S and small clement sizes were assessed. The results of this study are given 
in Section 6. 


Finally, based on the results of this study a number of conclusions e-erged 
These .ire summarized in Section 7 along with recommendations for further development. 
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SECTICK 2 


QUANTUM DETECTORS: SIGNAL & NOISE MECHANISMS 
2.1 INTRODUCTION 

Infrared qunntun detectors must be cooled to achieve very high 
detectivity at long wavelengths. The longer the wavelength of maximum detector 
response, the Icwer must bo the detector operating temperature. It is desirable 
in practice to be able to operate a detector with ’ainlmum cooling, i.e., at the 
highest possible temperature. 

We address here in Section 2 the question of how the signal and noise 
mechanisms limit maximum possible operating temperature of an infrared quantum 
detector. In doing this we determine the spectral detectivity D*^ vs temperature T. 

We analyee this question from a very fundamental point of view by deriving the 
theoretically achievable detector performance, assuming that the detector performance 
is not limited by crystal cefccts in the active material of the detector cr by the 
technology of deteccor faDricntlon (surface treatment, electrical contacts, etc). 

Thus we assume essentially perfect detector material and device technology in 
this fundamental analysis. 

Many empirical studies have already been made of detectivity vs temperature 
in photovoltaic and photoconductlvc detectors, but the samples studied may not 
have had optimum properties. We want to establish the basic theoretical potentialitie: 
of tna photovoltaic and intrinsic photocondnctive modes with respect to operating 
temperature, because they are the detection modes used in photon detectors. We do 
not consider extrinsic photon detectors, becaus*. it is well known that they 'always 
require lower operating temperatures than the intrinsic detectors. Nor do we 
consider thermal detectors here (e.g., pyroelectrics)- 

We want to determine the temperature dependence of the maximum possible 
d'.tectivity of a photon detector. The (spectral) detectivity D*j^ is given in 
general by: 

1/2 1/2 

D*. = R.(I )A (if) /I ; (2.1) 

A A s n 

see T.ible 2.1 for definition of symbols. The total noise current X is the 
summaticii in quadrature of the several different noise mechanisms limitirg D* . 

In the following an.nlysls we will .issume that only the fundamental internal 'loise 
mechanisms in the detector are important; I.e., we will neglect such extrareous 
mechonlsms .is 2/f noJ m* and noiae in the signal-ptocessing electronics, anu will 
also neglect noise due to carriers gener.ited by backgrourd rad-aticn. This 
assumption Is consistent with our objective of deriving the best theoretically 
achlcv.iblt perforr.i.nce. However, this assumption must not be fcigotter, because > 

in practice these extraneous roise mechanisms may often not be negl<gible. 
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Table 2.1 


DEFINIIIONS or SYMBOLS 


A 

c 

D 

e (subscript) 

E 

E 

g 

Af 

®th 

G 

h 

h (subscript) 
1 

n 


k 

k 

B 

Jl 

L 

"l 

p (subscript) 

q 

P. 

P 


T 

V 

W 


Detector area absorbing photon flux 
Speed of light 

Carrier diffusion coefficient 
Spectral detectivity 
Electron 

Energy of carrier 
Energy gap 
Frequency bandwidth 

Caneratlon rate of carriers, thermal generation rate 
Photoconductive gain 
Planck's constant 
Hole 

Photocurrcnt due to background radiation 

Noise current 

Signal current 

Electron or hole wavenumber 

Boltzmann's constant 

Photoconductive detector length 

Carrier diffusion length 

Intrinsic carrier concentration 

Quantity in p-type region 

Electronic charge 

Detector resistance 

Radiative recombination rate 

Spectral resi>on8lvl ty 

Pliotoccnductivc detector thlcKness in direction of photon flux, 
or thickness o'" active layer in pbJtovoltaic detector 

Absolute temperature 

Applied voltage 

Space-charge layer width 
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Table 2.1 



DEFINITIONS OF SYMBOLS (cor.tlnued) 

Optical absorption coefficient 
Quantum efficiency 
Photon wavelength 
Carrier mobility 
Carrier lifetime 

Photon flux density from background 


QUALITY 
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In the following subsecclons we will first analyze the photovoltaic 
nicde to determine how its maxiraun possible detectivity depends upon tenperature. 
Then we will compare the more complicated intrinsic photoconductive mode with 
the photovoltaic. Finally, we will draw conclusions from the results of these 
analyses, including their implications with respect to detector materials. 

2 . 2 PHOTOVOLTAIC DETECTORS 

2.2.’ General Theory 


We will treat only pn junction photovoltaic detectors. Photovoltaic 
detectors are sometimes made alternatively as Schottky barriers, but even then 
the active region of tne detector is often a pn junction within the macerieJ 
formed by surface-layer type inversion. Shot noise is the ^j^n^aqe^^al mechanism 
In photovoltaic (p/) detectors. The shot noise current is: * 



n 


(pv) = 2q 



(qV/&kgT) 


1 


+1 / 


( 2 . 2 ) 


In a detector with a diode current-voltage characteristic of the fonu; 


I = l^exp (qV/fXgl) -ij, (2.3) 

vnere I Is the revet.'a-oiased diode saturation current. We have B = 1 in an 
ideal pn^junction in which there is only minority-carrier diffusion current. If 
electron-hole generation and rocombinatlor. in the space-charge region of the pn 
junction also provided current, then wc would have 1 < ^ < 2. The cu'rent 
responsivity is: 


R, (I ) = qn'\/hc, (2.^) 

A s 

since C = 1 in a pv detector. Substituting equations 2.2 and 2. A into 
equation 2.1, we get: 


D*^(pv) 



nA 


exp (qV/f'kT) +1 


(2.5> 


In practice a pv detector is invariably eperatsd either unbiased (V - O' 
or with a reverse (ncg.itive) bias voltage, so that the terms in square orackets 
ii> equation 2.5 lie bctweeii 2 and 1, causing a /2* variation in Li*, 1 no problem 
of D.axir.ii7 tng D*^ mainly involves minimizing T , as well as maiinizing the 
quantum eif’'iency ii. 
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-1.V 


Photovoltaic detectors are often characterized alternatively xn tcrinr 

of their "R A products," where R is the dynamir. Jl.^ctlorl resistance at zero 
o o 

bias voltage (V * 0) and A is the junction area* Since: 


■ 


( 2 . 6 ) 


we get from .‘quation 2.3: 


-1 qi 
R = sat 

° BV 


(2 7) 


for V = 0, and then fror equation 2.5 we get (at v = 0) : 


X r^A 

V V 


( 2 . 8 ) 


as the relationship between D*y and R A. It is sometimes ccnveai'.nt to us? 

R A, because this quantitv is so easify measured on a pn junction, 
o 


2 . 2.2 


Simple pn Junction 


A general cocel of a pn junction pv detector is shown in Figure 2.1, 
following Melngailis .-nd Karman. ' The junction saturation current is 
composed in general of two tomprnents: current due to diffusion of minority 

carriers xn the p- and n-type regions and current due to generation cf electron- 
hole pairs within the junction space-charge laver of width V. We can reduce 
I by doping both sides of the junction quite heavily to make W narrow and 
t^e minority-carrier concentrations low. The space-charge layer width W can 
often be made narre;.- tnough that the generation current is negligiole compared 
to the diffusion current, and this is t!ie desired "best case." Furtheraiore . 
the or R^A product must ultimately be limited by diffusion current as the 
detector operating temperature is raised, because the diffusion current increasec 
the most rapidly with temperature; see ligure 4.1. There will be no loss of 
generality In our conclusions by assuming for simplicity that tht p-type region 
in Figure 2.1 is much less heavily doped than the n-i>pc region and of such 
a design that hole diffusion current in the n-type region can be neglected; 
however, we will discuss this assumption further later in 2.2.3. 


Then we have the familiar expression 


(2.3i 


qAIJ n 
c o 


qAL n 
£-£ 


sat 


(2.9) 
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for the case jn uhich the electron dlffusio^ length « t, where t is the 
width of the p-type region, we have used L = D T in deriving the second 
form of equation 2.9. l'q^;^tjyn 2.9 also follows^dfrectly fiom the analysis 
of Mclngaills and Harman, their equatlcn 37, since coth {t/L^1.| ^^whcn 

L « t. Ftom the "generation-recombination theorem" of Burgess, ” we 

g 

know that the thermal generation rate cf minority carriers satisfies: 

g, = n At/T , (2.10) 

Ln p e 

where At is the total volume of semiconductor , within which carriers are thermally 
generated. Substituting equation 2.10 into the second form of equation 2.9, 
we get: 


I L 

sat c 

q " t- 


( 2 . 11 ) 


and substituting equation 2.11 into equation 2.5, I'e get: 


D*^(pv) 


= ^ V 

2hc 7 


At 


^th^'e ’ 


(2.5a) 


where we have assumed that 6=1 and also that exp (qV/k T) 
V = 0. ^ 


1 which means 


Another potentially useful when 

Is a "reflector" of minority carriers. * c.._u 


t<< L and the back contact 
Such ar. "electrical] y reflecting" 
contact corresponds to the boundary condition dn /dx = 0 on the minority-carrier 
concentration gradient at that contact. See Section 2.3 for a discussion of 
this kind of contact. This boundary condition ran be realired in principle by 
an abrupt p -p b^r’-ier, i.e., by making the^back contact in Figure 2.1 be a more 
heavily doped (p ) p-type region. If the p -p space cJiarge layer is thir enough 
t^at generatio.i current from it can he neglected, and if Diffusion current in the 
p region is also negligible, then the above boundary condition will apply exactly. 
It can be shown that for this case of a y^f^ecting contact one obtains in the 
general result of Melngaills and Harman, their equation 37, tanh(t/l ) 


instead of coth (t/L ). 
simply by: 


Then when t « L , the saturation cufent is given 


I 

sat 

q " 


( 2 . 12 ) 


as the analog of equation 2.J], since tanh (b/L ) = b/L . Substituting 
equation 2.12 into equation 2.5, we have: ^ 
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D*^(pv) 


again assuming B * 1 and exp (qV/k^T) = 1. 


We must now determine which case, equation 2.11 or equation 2.12, can 
give potentially the lower I and therefore the better photovoltaic detector 
at a given temperature. Conl?Ser L and t. The p-type region in Figure 2.1 ' 

need be only thick enough to absorb^raost of the infrared signal radia|lon so that 
the quantum efficiency can be high. An absorption thickness of 2.5a will 
absorb over ^0% of jhe ujreflected radlaticn. For any known semiconductor one 
fijgds a = 10 ^to iO cm n^ar the A ^ wavelength, so that we musL have L or ^ 
t > 2.5 X 10 to 2.5 X 10 cm to alsorb the radiation usefully. There is 
nothing to prevent making it small enough to satisfy thia condition, provided 
we can achieve the dn /dx = 0 boundary condition, because t is simply a geometrical 
parameter. However, is determined by material parameters in the p-type region. 
How small can be? Using the Einstein relation (qD = pkgT), we have: 




(2.13) 


The values of p and t can cover wide ranges in various semiconductors and as 
6 6 

functions of temperature. However, here we are corsidering quite pure material 
(and consequently relatively long carrier lifetimes) and semiconductors with 
relatively narrow energy gaps (and consequently rather high carrier mobil^tie^) . 
From experience we can estimate chat often we will have values of > 10 cm ^V-s 
ani_ t >10 s, at T = 77K for example, equation 2.13 would give 1. > 3 x 10 cm. 
Thus, we can expect chat usually L will be larger than t need be to absorb nearly 
all the radiation, and that, therefore, the case of equation 2.5b will yield the 
lower value of 1 .In other words usually we will have 1. /t > 1, so that 

S3t € 

equation 2.5b will give a higher D* than equation 2.5a. 


l.e must next consider the temperature dependence of require 

I small to achieve high D*, . The dominant temperature dependence of 1 
Is through g which Increases with temperatures, see equations 2.11 and 2 12. 
The L in ecuation 2.11 may also depend upon temperature, but only ucakly so. 

Thus the maximum operating temperature of a pv detector will be that at whi-h 
g is so high that I can no longer permit the required D*^. olearly, foi a 

given v.ilue of t^at maximum temperature will be higher for whichever length, 

Lg or t, is lower. We have already argued that t can usually be smaller than 

Lg in tic case of equation 2.11, so that the case of equ.ition 2,12 will usually 

permit the highest possible uetcctor operating temperature. Thus, a conclusion 
of this subsection on phocoioltaic detectors is that to rioximize Che detector 
operating temperature, one trust usually make the photovoltaic detector with an 
"ciectrically reflecting" -ont.ict. This conclusion assumes, oi course, that the 
"reflecting" boundary cond.tion can be achieved. 
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2.2.3 Hetero junction 

A "heterojunction" Is a pn junction between semiconductors havlnp, 
different energy gaps. We will discuss brief 1” how such a junction can be useful 
in optimizing the perfornunce of a photovoltaic infrared detector. 

For comparable doping levels and carrier diffusion lengths, the side 
of the heteroj unction with the wider energy gap will contribute less dark curre.'*t 
than the narrow gap side, and far less if the difference in gaps is considerable. 
The pv detector can be designed so that the photodetection occurs by carriers 
photoexcited in the narrow gap region, and with the wide-gap region on the front 
side facing the radiation to be detected. The wide-gap region then has several 
useful features: 

• It acts as a window to transmit the radiation to be detected to the 
pn-junction and narrow gap side. 

• This window "cuts off" or becomes opaque at a wavelength corresponding 
to its gap, so that it can exclude undesirable background radiation 

of shorter wavelengths. 

• The wide-gap layer isolates the photoexcited carriers from the bare 
front surface of tne detector, where their recombination rate could 
be very high. 

Thus the principal utility of a heterojunctlon is not in the pn junction 
itself, but rather in the advantageous features of the wide-gap side. The theory 
developed earlier for a simple pn junction still applies here, since in that 
analysis we had assumec diffusion current from only one side of the pn junction 
anyway . 


Hcterojunctions are often used in high-perforirance solar cells for essen- 
tially the same reasons a., those cited above. And they have sometimes been 
incorporated into the design of pv infrared detectors, especially those made 
of lead salt compounds and alloys. 

2.3 "hLLCTRlCALLY REFLECTING" CONTACTS 

The primary goal in developing an infrared detector is to achieve 
bacKground noise liniitcd (BLIP) performance. To do this we must make the "dark" 
noise of the detector negligible compared to the background noise. In a photo- 
voltaic detector the dark noise is shot noise and is proportional to the dark 
leakage current of the device; thus, we must minimize the leakage current. Let 
us consider how to do so. 
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The model in Figure 2.1 is general enougn to account for tne properties 
of any pn junction photovoltaic Infrared detector. Carriers are photoexcited by 
Che radiation hc/A, end cost of those within a diffusion length of the junction 
are sepanted by the junction field to give a phot ivoltagc. We can sinplify 
Che understanding of this detector model without losing ’ny essential physics 
by assuring the n-type region to be thin and more heavily doped than the p-type 
region, so Chat the junction current is controlled by phocoexcitation and 
diffusion of tamers in the p-type region. Actually, this is often the way 
such detectors aie designed in practice. Also, we assume that generation- 
recombination current from the Junction space-charge layer o*" width V is 
negligible; this is the "best" possible case, because the junction current is 
then due only to minority-carrier diffusion and is, therefore, minimum. 


So we have a pn junction detector in which the dark leak age c urrent is 
due to diffusion of minoritj-carrler electrons from the p-type region within a 
diffusion length of the junction. In most semiconductor materials with i — 

reasonably high carrier nobilities and not terribly short carrier lifetimes, the 
diffusion length is > 10 ym. 


The inf ^aredj^ absorption coefficient near the intrinsic absorption edge 
is typically > 10 cn , so that the absorption length, that thlcJoiess witnin 
which most of the radiation is absorbed, is < 10 cm (“lO pn) . 'flms the 
p-type region in Flgu) e 2.1 need not be thicker than roughly 10 micrometers to 
absorb most of the radiation. Wliy not make it thicker anywey? Well, we must 
still minimize the dark leakage current, and tne thinner the layer of p-type 
material from which electrons cr i be extracted fer the leakage current, the 
lower that current will be. So 'e want the p-type region to be as thin as 
possible while still thick enoag ’ »o absorb most of the ladiation. Of couise, 
if it IS then thinner than a di''usion length, which it usually will be, the 
back contact is within "range ' of the junction as a possible source of carriers 
to be extracted by the junction. 



I 


) 

/ 


/ 


Tbus the problem of minimizing the dark leakage current reduces to 
that of making *he bacx contact a "non-source" of minority carriers. This non- 
source property is not cotalned with an ordinary neutral metallic ohmic contact, 
because such a contact acts as a high recombination - or generation-rate surface 
and is therefere an excellent source of minority carriers; in fact such a 
contact less than a diffusion length from the junction gives a Jarger leakage 
current than if the p-type region were very thick. 


+ 

What wo need is a "p contact"; l.e., the back contact must be made such 
that It is a hcavlly-dopeo semiconductor layer having fewer minority carriers 
than the p-type region. This type o.' contact is Illustrated in comparison with 
a conventional pv detector design In Figure 2.2 The same klrd of result could 
be achieved instead by grading t!ic doping in the P'lyps region away from the 
contact (moving tc the left of the junction in Figure 2.1). B> either method \'e 
reduce the number of minority carriers available to contribute to" the dark 
leakage current of the iavico. 
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To be strictly accurate, vc mutt realize that the diffusion current 
is proportional to the Rradlcnt of the minority-carrier concentration. Thus, 
if the carrier llfetlne should increase strongly with carrier concentration, the 
benefit of the p"*” contact or graded doping could be reduced or even cancelled. 

It is cancelled in fact for pure Auger recombination, see reference 4.5 of 
Section 4. 


A p^-p (or n^-n) contact can be thought of as an electrical reflector 
of minority carriers. This is because there is a potential barrier to the flow 
of minority carriers at such a contact, as can %e seen by drawing an energy band 
diagram. Minority carriers hitting the barrier are "reflected." In contrast, a 
purely metallic contact, at which the qucsl-Fenal levels in the semlconcuctor 
come together, acts as a sink for minority carriers. 

Ine importance of the nature of the back contact to photovoltaic 
detector optimization does not seem to be adequately recognized. One might 
argue that people usually make the back contact with a metal containing a dopant 
of tlie same type as the semiconductor just to be sure to get a low-resistance 
cont.ict, so that they are using the correct approach anyway even if not realizing 
it. however, the full advantage can be achieved only if the heavily-doped region 
is less than a minority-carrier diffusion length from the pn junction. Clearly 
understanding the role of the back contact in detector optimization should help 
toward obtaining the best possible contact. 

The following excerpt from a recent review article on silicon solar 
I ells by Wolf' ' has arguments siivtlar to the above: 

"Regions of high recombination rates, such as surfaces and particularly 
ohmic contacts, can act as minority carrier sinks in competition with the 
barrier field if they are l(>cated within a few diffusion lengths from the 
barrier. This effect takes place in thin cells with long diffusion lengths, 
where the ohmic contact covers the back rurface of the cell. Incorporation 
of a positive impurity density gradient toward such a high recombination 
region creates an internal electric field which reflects the minority carriers 
away from the sii.k, thus neutrullzini' its effect. If such a field is 
incorporated in front of the back surface contact, one talks of a "3SF 
cell" (back surface field cell)," 

This excerpt is an example of how the importance of the back contact 
is well recognized by people developing solar cells of high conversion efficiency. 

Further work needs to be done on this topic to determine how to minimize 
the dark leakage curient ot a i>n junction photovoltaic detector by using all 
possible c.ethods ("elee trlcaJ ly reflecting" back contact, graded doping in 
p-typo region of the Figure 2.1 example, etc). 
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PHOTOrONDUCnVE DETECTORS 
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The theory of an intrinsic photoconiuctlve detector is considerably 
more complicated than that of a photovoltaic detector. We cannot cover all 
aspects of the photoconductor theory in this report, and some ol' it is in fact 
still incomplete. However, we will carry the theory far enough to establish 
the intercomparison of photoconductive and photovoltaic detectors for the 
objectives of this project. We will first sucararlze the theory in general, and 
then consider some of its detailed aspects. 

2.4.1 General Theory 


A schematic model of this detector mode is shown in Figure 2.3. 
Generation-recombination (gr) noise and Johnson noise are the fundamental mechanisms 
In photoconductive (pc) detectors. The total noise current can be written as; 


I (pc) 

n 






(2.14) 


The first term in the brackets in equation 2.14 represents gr noise due to 
thermal equilibrium car.iers in the semiconductor; this term can be derivea 
from the more common expression for gr noise. The second term represents the 
Johnson noise, where the photoconductor resistance R can vary with the background 
photon flux density. The photoconductive gain G in equation 2.14 generally depends 
upon the bias voltage applied to the photoconduefor . At high bias voltages 
minority-carrier sweepout effects occur and the gr noise terms must be multiplied 
by a numerical factor £, where 1^2 ^ a 4 1. The current responsivity of the 
pc detector is: 


R (I ) = qnXG/hc, 

A S 


(2.15) 


since one can have G ^ 1 in a photoconductor. Substituilng equations 2.14 and 
2.15 into equation 2.1, we get: 


D*^(pc) 



(2.16) 


The problem of maximizing D*^ in this detector mode is more complicated than for 
pv detectors, because two terms must be minimized in the denominator of 
equation 2.16. 


The second term under the radical in equation 2.16 essentially dictates 
the choice of photoconductor material. To be suitable at all, a photoconductor 
material must offer high photoconductive gain G and/or high resistance R. The 
gain is given in gtnercl by: 
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G •= t/t^ = b uTt 
d u 


(2.17) 


where y and T are the mint t ity-carr let mobility and lifetime, b is the 
mobility ratio, and t is the drift time of a miporlty carrier ^in the electric 
field t biasing the photoconductor. The gain can be enhanced by Increasing 
e, but minority-carrier swecpout will ev-rnt.-ally cause a saturation of G. 

Another method of gain enhancement is to operate under conditions in which 
minority-carrier trapping effectively reduces the minority-carrier mobility 
and thereby increases the effective mobility ratio b , even without trapping, 
so that G can be very high. However, as the operatlHg temperature rises, G 
may drop from one or more of the following causes. The lifetime T decreases 
exporentialJy with increasing tetperature when only Intrinsic recombination 
mecharisns are active (r-'dlative. Auger). Also, the detector resistance, R, 
drops exponentially with temperature when the semiconductor becomes intrinsic, 
making it more difficult to apply a high £ without excessive Jo^lg heating. Of 
course, this drop of R also acts directly to increase the k T/q G RA term in 
equation 2.16. The conclusion of this paragraph Is that this term must be 
evaluated carefully as a function of temperature for any photoconductlve 
detector to determine whether or not it will limit the maximum operating tempera- 
ture. If we assume that this term can be made negligible, then the other term 
in equation 2.16 will limit the maximum operating temperatur^, in which case 
equation 2.16 reduces to; 


0 * fpf.) » 11^ . /I^ 


(2.16a) 


This equation is identical to equation 2.5b for the best-case pv director 


2.4.2 Detailed Theory 


We have outlined the theory of an intrinsic photoconductlve detector 
in general terms above. Here we will consider many of the detailed aspects of 
the theory, to identify the conditions required to satisfy equation 2.16a. Special 
attention will be given to the effects of background radiation, which must be 
taken into account as an Inseparable part of the problem for an intrinsic photo- 
conductor . 


If ()) pbotons/cra -s of 1 < X are incident on a photoconduc*-or , qij arc 
absorbed and converted into photoexcited electrons, where r, is the quantum 
efficiency. These photoexcited electrons reduce the resistance of the photo- 
conductor. If the photoconductor current is held essentiallj constant by means 
of a high series load resistor, the reduced resistance is measured as a decrease 
in the IK drop across the photoconductor. Tne spectral (\oliage) rospoasivicy 
is defined in this case as the incremental rate of change in voltage (dV) with 
respect to the incident signal radiation power (dW) : 
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(2.18) 


R = |dV/dWl = (l/tw)a/hc)ldV/d<J)|, 

A 

where 

dW = (?W) (hc/A)d(J 

is the power in watts corresponding to the flux density d(> falling on the 
detector surface area Zv. If the external circuit is a voltage source instead 
of a current source, the response is neasured as a change in current and the 
spectral (current) responsivity may be defined: 

= |dl/dw| = (l/£w)(A/hc)|d]/d<J>l. (2.19) 

The absolute marks have been added to equations 2.18 and 2.19 to show that the 
magnitude of the change is relevant but not the sign. 

In proceeding with the derivation of R^, it will be observed that the 
resistance change, and hence the electrical signal, may depend on any optical 
bias such as backgrpund radiation. The observed signal corresponds to the 
change in resistance between optical bias only and optical bias plus signal 
radiation. If the optical bias is large, Che resistance change ray differ, 
because of nonlinear material properties, from that for low or zero optical 
bias. The nonllnearl ties begxn to show up when the density of e/cess electrons 
maintained by the bias radiation is comparable to the thermal densities n and 
p . This condition is likely to hold in (Hg,Cd)Te when the background is a 
380 K blackbody. 

It is assumed chat the photoconductor material is perfect to the extent 
that all thermal ana optical transitions are between the valence and conduction 
bands; l.e., crapping and Shockley-Read recombination processes are negligible. 
Then for the excess iphotoexciced) carriers. An = Ap. For the moment, the 
effects of amblpolar drift in the applied electric field will be ignored, and 
An, Ap will be assumed constant throughout the material. 

From Ohm's law for a constant current and a resistance change d(2, 

dV = (V/n )d.Q, (2.20) 

o 

or for a constant voltage, 

dl = -(i/ng)dii. (2.21) 

where the U subscript denotes the steady state value at the optical bias level. 
Equations 2.18 and 2.19 then berorae: 

U (voltage) = (l/fw)(A/hc)(V/0 ) (dil/dol (2.22) 

A D 

R (current) = C /?.w) (1 /he) (I/.^ ) jdO/dol. (2.23) 

A S 
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If n a'-'^ Pg ore the electron and hole densities at the optical bias 
level, hj, IS the nole oobility and b is the mobility ratio, the resistance f?g 


is expressed: 

fig = £/j^vtq(bi,j^ + Pb>pJ. (2.24) 

so that the derivative, according to the condition dn = dp, is: 

|dfi/d(J>) = fig • (dn/dO) • (b + l)/(bng + Pg). (2.25) 

In order to evaluate dn/d(^, we note from statistical balance at the 
two different steady states, neglecting drift, that: 

R(ng) = n«g/t, ( 2 . 26 ) 

R(n + dn) = n$./t + ndiji/t, (2.27) 

r D 


where R is the net thermal recombination rate at the bias plus signal >'aaiation 

level, and ntg/t, ndi}/t are respectively the bias radiation a. id signal radiation 

photoexcitation rates. If R(*ig expressed as a first order expansion 

about R(n ) ana equation 2.26 subtracted from the result, it follows that: 

B 



dn = nd$/t. 


(2.28) 


The invcise, well-known lifetime of added carriers, or 

incremental lifetime, T(n^). It is the lifetime of the rxtra carriers generated 
by the signal when Og i-s ti.e steady state electron density maintained by the 
background <t>g. According to this definition, equation 2.28 becomes: 


dn/d(J) = HT(n )/t. 

D 


(2.29) 


On substitution back through equation 2.25, the responsivity expression 2.22 
becomes: 


R (voltage) = (1/S.wt) • (/./he) • nVx (n ) (b + l)/(bn + p ), (2.30) 

A D D D 

and U (ouirent) lb the su:ne but with I substituted for V. 

A 

It is significant that the responsivity derived here contains the 
lncrcment.il lifetime instead of the ordinary lifstlme: 


T = (ng - n^)/R(ng). 
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which is often erroneousi> applied. At low optical bias levels (n^A/ n ) the 

o O 

differe.iCe is not noticed s'nce t and f are numerically the same. As n^ Increases, 

both T and i decrease but not at the same rate. If nn - n » n„ + p , the 

c o o ■ o 

lifetimes differ by a factor of two or more. 

The effective t is further reduce'! by minority-carrier sweepout due to 
the applied electric field. This also affects the concentration densities 
Hg and Pg calculated from steady state balance. The details of these calculations 
are give in Appendix A . 

Under the conditions assumed above of intrinsic generation-recombination 
processes (An = ^yd negligible sweepout effects, the low frequency (t(u « 1) 
gr noise voltage * ' is given by: 




sl/2 bn + p 
(f,wt) B 


where n again is the average steady state electron density a^ optical bias, 

Af is the frequency bandwidth of the measurement, and ^(n-n ) > is the varianc 


of the statistical fluctuations of n about n^. According tc the gr theorem 
the latter is given by: 


m) 


<(u-ng) > = g(n^) *'T(n^) = r(n^) • 1 ( 0 ^), 


(2.32) 


where g and r are respectively the electron-hole generation and recombination 
rates, which are equal in the steady state. Hence, 




(2.33) 


Equation 2.31 has soraetlmt.. ,.peared in the literature with the quantity 

n^Pg/ (n^ + p ) substituted for the variance. This is not generally valid according 

to equation 2.32 except in case either that the optical bias is small ir that 

Auger processes are unimportant comoared to radiative processes. The variance 

is not equal to n p /(n + p ) if n - n ^ n + p and Auger effects are 
Doov Bo^oo 


important . 


As in the case for R^, corrections to the gr noise arc necessary to 
account for sweepout effeers. These are Included in Appendix. 


The other fund.-’mcntal type of noise in photoconductors is the 
Jolinson noise: 


^ = AkTHAf]^^^, 

L J 


(2.3A) 
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wheiTe k = Boltzmann's uonttont, T " Kelvin temperature, 0 • resistance, and 
Af is the frequency bandwidth. 


A measure of the ability of an Infrared detector to produce an electrical 
signal above the noise level is its detectivity. In terms of voltages the spectral 
detectivity D* is defined by: 

A 


D*. =\(V )(?.w)^^^Af)^^‘^/V , 

A A a n 

where R,(V ) is the spectral voltage responslvity -nd " the rotal noise: 
As 1 


(2.35) 


r 2 

/ = V + V I . 

n ^ gr J J 


(2.36) 


A rather compact formula for the photoconductor D* is obtained by 
combining equations 2.35, 2.36, 2.30, and 2.33: 


where 


(nX/2hc) 


K = V /v 

gr J 




1/2 2 
K/(l + K ) 


1/2 


(2.37) 


(2.38) 


and g(ng) is the total electron-hole generation rate: 


B, 


M® 


g(njj) ■= Bn^ + G^^(— ) + (— ) - 


(2.39J 


From equation 2.37 it is apparent that D*^ is nay.inlzed by making the 
thickness and g(r.p) snail while making K large. The B, and factors 

in g(n^) aie strongly increasing functions of temperature. This is the principal 
incentive for operating the photoconluctnr at low temperatures. If, on the other 
hard, the temperature is so low that g(ng) is dominated by the last (background) 
term, there is little point in reducing it further. 

2 1/2 

It Is also desirable to have K » 1 so that K/(l + ?^ ) approaches 
its maximum of 1. Bv substitution for v and v^ from equations 2.31 and 2.3^1 iL 
Is found that: 


1/2 


3V > 


kT 


2 bn + p 
£ D 


(2.40) 
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The factor <(n-n^)^>/(bnj^ + is roughly equal to |^(n„ + p„)(bn 


t^- 


B E 

e tenperaturc 


r 


B' ' ’B ''B' r””"' ^ ■ B„B 
-rhich does not defend strongly upon the temperature. Then 

dependence of K is dominated by (t/T) ' , whic i clearly Increases with decreasing 
temperature. Hence, m.aximizlng < is the second reason for operating the detector 
at low temperatures. 


n«B 

If g(nj) = ~Y~ external photoexcitatlon gMatly exceeds thermal 

pa-«r ,,eneration) and K » 1, the background-limited perfonrance (BLIP) is 
approached: 


(0*j^)j^LIP “ (nA/2hc)/(r^g)^^^ (2.41) 

2.5 CONCLUSIONS 

Thus both detector modes have the same theoretical maximum, represented 
by either equation 2.5b or 2.16a. To achieve high D*^(max) in either mode one 
must have a low thermal generation rate g as well as high quantum efficiency 
n. Material properties can affect D*^(max1 only through g^^ and U, assuming 
that A is fixed by the desired detector wavelength response. 

The potential maximum operating temperature for both detector modes, 
pv and pc, is the same, provided that the detectors are made of the same material 
so chat g is identical. However, one must usually make the photovoltaic 
detector with an "electrically reflecting" back contact If the pv detector<>is to 
reach this maximum, this conclusion does not seem to have been recognized in 
prfiojs work on pv detectors. (h‘. the other hand, the^lntrinsic photoconductive 
detector must remain "good enough", in term of hi'gh 2 G RA product as the 
temoerature goes up, that the neclect of the k T/q G term assumed in 
equation 2.16a is valid. 

Let us now recall the factois of 2 mentioned earlier. If the ?v 
detector were reverse biased with o large enough negative voltage, then the 
achievable D*. would be /T^kigher than that of equation 2.5o. This factor of 
/2 has often bec.i thought of as a fundamental advantage of a pv detector over 
a pc; however, the situation is net so straightforward. If an intrinsic pc 
detector were operated in the mi.iority-carrler sweepout condition, its mean 
square noise current would be multiplied by a coefficient a, where 1/2 < a < 1, 
and its could be enhc.»ced also by up to /2^ but this sweepout effect is not 
yet understood fully. 


I 


I 
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SECTION 3 

SEMICONDUCTOR MATERIALS 


3.1 INTRODUCTION 

In Section 2 we showed theoretically that the maximum possible D*^ 
of an infrared quantum detector at any temperature is given by: 


D* (max) 

A 


(3.1) 


Equation 3.1 applies to the "best-case" material and design of either a ohoto- 
voltaic detector or an intrli.oic' pnotoconducti’ e detector. One can hope to 
Increase D*^ by a factor of up to /T in these detectors by using large Lias 
voltages, but we will ignore that detail here. 

Given that one can achieve the nearly perfect semiconductor crystal 
material required by equation 3.1, the question is what intrinsic (defect- 
independent) properties are required of that material to maximize the D*^ of 
equation 3.1. There are three material-dependent parameters in equation 3.1: 

X, n. and g^j^. 

The maxinum or "cutoff" wavelength X which is near the peak D*, is 

CO X 

fixed by the energ> gap of the semiconductor. Alloy semiconductors such as 

Hg, ,Cd Te and Pb^ ^Sn^Te are especially desirable, since their energy gaps 

an Se adjusted continuouslv over wide ranges, giving designable values of 

X . However, on e.’emental or compound semlconductcr can be just as useful 

if°its gap corresponds closely to the necessary X 

Any optimized detector will have m ^nti"ef lection coating, so that the 
quantum efficiency is well approximated by: ’ ^ 

n = 1 - exp (-at). (3.2) 

In an intrinsic detector material with negligible crystal imperfections, the 
thermal generation rate will be equivalent to the sum of the band-to-band radiative 
and Auger recombination rates; l.e., 

V- 

Substitution of equations 3.2 and 3.3 into equation 3.1 gives. 


D* (max) 
A 


A 1-exr (-tit) / g 

21ic I — t / R + 

Vat Y 
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The thickness t of the phi'lodotective region of the detector will, of course, 
be chosen to maximize the value of [ 1-exp (~at)3//o^ value of a of the 
material used; this maximum occurs when ot = 1.256 end is: 


D* (max) 

A 


0.32 ; - 
lu: 




(J.5) 


We have now reduced tlie problem to consideration of the two recombination rates 
and the optical absorption coefficient. One wants to minimize R ana and 
maximize a to maximize D*^. 


3.2 


AUGER RECOMEIMAl'lON 


3.2.1 


Introduction 


Auger recombination Involves the collision of two electrons (or holes) 
within the conduction (or valence) band whereby one gains energy to be excited ^ 
to a higher band state, while the other makes a transition to the other bano. 

This recombination mechanism is very much band-structure dependent. There is not 
yet a complete tneory of Auger recomblnatlo»i for all types of band structure, bat 
the theory has been worl’cd out for some materials which are used In infrared 
quantum detectors. 

Petersen .^xu-nded the theory for non-degenerate n-tyoe Hg^ ^Cd Te 
several years ago,' ' and then Kinch et al, * confirmed the theory ^y 
matching It with their carrier-lifetime data for n-type Hg^ 2^*^’ 

Auger recombination Is a relatively strong mechanism in n-type Hg Cd Te. 

In this project Petersen has extended the theory to p-type Hg Cd fc and 
verified that Auger recombination is very weak in that type of material; see 
3.2.2 below. The difference in the strength of Auger recombination in n-type 
and p-type Hg^ ^Cd^Te is due to the very different shapes of the valence and 
conduction bands; see Figure 3.1. All zinc-blende crystal structure semiconductors 
with energy gaps narrow enough for infrared detection have band structures like 
that in Figure 3.1. l>\ose Include the III-V compounds such as InSb and InAs, 
as well as those lI-VI's having the zinc blende structure such as Hg, Cd Te. 

X~X X 

The form of the band structure is fixed by the crystal symnetry. 


In very recent work Petersen has extended the. theory of Auger recombina- 
tion to statlstlcally-dcgt'iiorate n-type Hg, Cd Te. ' Vhe essentl.il result 

X 

Is that the Auger nechanl.'-ni Is weakened considerably compai ed to that in non- 
degenerate Hgj_^Cd Te of (ho same alloy composition x (and therefore the same 
energy gap). This concliiaion Is impoiiant to the des|_gn cf the optimum pn 
junction Hg ^Cd 'le del<Tlor, which will include an n p pn-jnnetion with the 
photodetccLion occurring in the less heavily doped p-iyp*- region; this point 
will be discussed furtlicr l.iter. Suffice it to say here that if tlie n region 
is statistically degeneraio. Its Auger recombination will be much weaker than 
otherwise ^xpected tror. the high carrier concenctation, so that diffusion ci.rrent 
from the n region can be mail and the corresponding shot noise negligible. 
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( 3 . 5 ) 

Very recently Cmtage * has developed the theory or Auger rccor.blratlor 
for Pb Sn Te and shown that it Is a relatively strong mechanism in these 

1“X X 

alloys. Ih'e mechanism is practically the same in n-type and p-type Pb^^ Sn Te, 
because the valence and conduction band structures are essentially iientfca?, 
being of the "nany-valley" t>pe. Before Emtage's work it had been thought 
that Auger recombination yjs,yeak in Pb^^ Sn^^Te; see for example the review 
by Melngailis and Harman. Eratage reufized, however, that intervalley 

transitions must be included in the theory, and they lead to a strong total 
Auger recombination. Emtage's theory is confirmed implicitly by the experimental 
observation that the R A products found in pn junction detectors made of 
Pbj^ Sn Te have never exceeded an apparent ceiling which is consistent with the 
Auger lifetime derived by Emtage. The ^Sn Te alloys are I^-VI compound 
semiconductors having the NaCl crystal structure. Other IV-VI compounds which 
are PbTe-rlch which can be used as infrared quantum detector materials, such 
as Pb, Sn Te and Pb, Ge Te, can be expected to have similar Auger recombination, 
since their band structures are similar to th of Pb. Sn Te. In this project 

X 

we have carried out a critical review of Emtage's tneory and confirmed Its 
theoretical validity. 


3 . 2.2 


Auger Recoinbinaticn in p-Type Hgj^_^Cd^Te 


Auger recombination, the reciprocal process to Impact ionization, is a 
band-to-band three-body interaction in which the energy loss of the recombining 
electron-hole is used to excite a third particle (electron or hole) high in its 
band. Hence, the Auger mechanism is very sensitive to the band structura of 
the semicondjctor . For a simple two-band semiconductor model in which the 
E vs k relationship for both bands is parabolic, there are two cases of Interest: 
u = m /m •>'<1 and v “ 1; m and ir are t.ie electron r id hole effective mass, 

r V c V 

respectively. For parabolic bands the effective mass is constant. In this 
section, we v#lll review Che dependence of the Auger lltetlme on p, with specia’ 
emphasis on The two limiting cases described above. 

The continuity equation for electrons is: 


— = G +(G - R)+-7 .J 

9t ext n n e n 


( 3 . 6 ) 


where h and J are the electron concentration and current, respectively; G - R 

is Che net gcniratlon rate due to thermal processes, and G is the generation 
, , ei.C 

rate due ro external sources. 

For this discussion we define the Auger lifetime, t , by: 
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where G, and R are the Auger generation and reconblnation rate'i, respectively, 
per unit volume. The subscript zero, e.g., n , implies equilibrium conditions. 
There are many definitions of lifetime; however, the lifetime defined by 
equation 3.2 is that which determines the reverse bias saturation current In a 
diffusion limited p-n jur.ttion.'^ * This lifetime Is also appr^gr^^te for 
the discussion of photoconductivity in the low excitation limit. 

Tlie two Auger recombination processes possible for a simple two-batid 
rodel are sliown in Figure 3.2. 



Figure 3.2 (a) AUGLK RtCCMBlKATlON BY AN ELECTRON-ELECTRON (ee) COLLISION, 
(b) /DGtR RECOIIBIKATIO.N BY A HOLE-HCLE (hh) COLLISION. THL 
AiiROWS DENOTE ELECTRON TRANSITIONS. 


The Auger rates for non-degenerate statistics can be written: 


G, - R^ -• (C ){— ) - (G ) 
A A ee n ee 

o 


w 

Vo 


hh p 


<v rt 


2 / \ 

-n ) (G np + G pn ) / n-n \ 

1 ec o hh o f o \ 

1 \ '^/ 
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where n is the intrinsic electron concentration. If n-n = p-p = An, the 
1 o o 

expression for the electron Auger lifetlaie becomes: 


T 


A 



(n +p +An)(C np +G..pn ) 
o o ee o hh o 


(3.9) 


The equilibrium generation rates for electron-electron and 

G and C, . , for parabolic bands are given in mks units by: 
ee hh 




processes 


r, , ,5/24 n 


[R, 1 

(8)(2:i) ' e m 

0 


\\) 1 VjI 

2 3 

(4it) • h 


(X ^)(14n)^^^(l+2u) 

OE> 


kT 

X (n )(^) 
o E 


3/2 



(3.10) 


(8)(2TT)^'^^e\ 

0 


1 

. 2 3 


.. . 1/2 

(4u) h 


2 1 2 

(K )(1+^) (1+^) 

® M U J 



(3.11) 


where is the high frequency dielectric constant, E is the semiconductor 
energy bandgap, and squ.ire gf the product oC^lhe overlap integrals 

- - — a 

Note that when u << 1, “v e kT and n, e kT so that for this case 

the electron-electron process is dominant. When ii = 1 both G and C vary as 
../E\ eehh-^ 


(3.10) 


2 2 \kT/ . Fo 


ee 

r nondegcncr.ire statistics it is convenient to write T. in the form: 

A 
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(3.12) 


(2n,^)(n /2G ) 

I o cc 

(n +p +An) [(n +^n) + (6)(p +An)1 ’ 

O O •“ o o ^ 


where 




"oSl ^ (H-2p) 

p G (2+Vi) 

o ee 


exp 



(3.12a) 


Note that h(p << 1) « 1 and g(p=l) = 1. The Intrinsic electron 

Auger lifetime for these two limiting cases of band structure becomes; 


T, (p « 1) 
A. 



2G 

ee 


(3.13a) 


T (p=l> 
"^1 



<iC 

ee 


(3.13b) 


It is frequently stated that, the Auger lifetime varies as the jnverse 
square of the carrier concentration (i.e., for n-type material 
That this is so Isevldcnt from equation 3.12 for the situations An « n , 3 = 1 

o 

and An << n , Sp » n . In these regimes: 
o o o 



for n-type lOctenai, and: 




(J.14d) 


for p-type material. Note that (n /2G ) " T. is independent of the carrier 

o ce A 

concentration , i 


In n-.’.ure 3.1, for the c.ise where the excess carrier ccncenttarlon Is 
snail comp.ired with the intrinsic carrier concentration, we show the dependence 
of the Auger lifetime on the carriei concentration for sever. j 1 values of a. ‘•’oto 
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that for the approxiciaCions discussed above, for n-type material, and for 

S ^ 1, the lifetime varies as n over most of the range of carrier concentrations. 

For p-type material, however, tfie Auger lifetime is relatively insensitive to the 

carrier concentration in the region where $ < n /p.* In this regime: 

— o o 

n 

/g ) ■* 2 . f3.)5) 


Figure 3.3 clearly demonstrates that for a semiconductor in which 
B << 1. there is a large asymmetry in the Augi.- lifetime with respect to the 
type of the majority carrier concentratlor. Note th’«- for the case 3 » 1 a 
similar asymmetry would exist with n-type material having a significantly longer 
lifetime than p-type material. However, for the two semiconductors of interest 
in this discussion, i.e., (Hg,Cd)Te and (Pb,Sn)ie,0 << l and 0 “ 1, resr-ectively , 
so we will limit ourselves to the situatiou where 3 < !• 


Let us now discuss the implications of the above discussion for 
Hg Cd Te. From equation 3.12 we see that E •= 3 (E , P, T). For E v;e use 
the expression of Schmit and Stelzer: ‘ ® ® 


E -0.25 + 1.59X + (5.233 x 10~^) (1-2.08x1 (T) + 0.327x^. 
g 


(3.16) 


For the electron effective mass we use 


(3.12) 


m * = — = O.C'OS E , ' 

^ 4p^m S 


(3.17) 


where m is the free eieclion maso, P is the matrix elcsient from k • p theory, 
o 

and, E IS the gap in electron volts. For the hole effecti’'e mass we use 

thr vafue 0.55. * ' Incorporating the above into equation 3.12 we calculate 

3 as a function of x for several values of temperature. Th^ results are showi- 
in Figure 3.4. Note that as the x-value increases and tem.perature decreases tr.e 
value of 3 decreases. According to equation 3.14b small values of « yield a 
large value for the Auger lifetime in p-type material In the doping regime 
whjre equation 3.14b is valid (p^ > n^//^) thr Auger lifetime is a factor of 
3 larger in p-type mater i.al than in n-type m .rial with the sane doping 
concentration. 


Tlie Auger llfitlme for Jig Cd Te can be determined if n , p , n , £, 

T, atid An are known. In Figure 3.5 wc plot t. * n /2G as a function ol x for 
A^ A^ o et- 

sover^lj^emperatures. In thin conputalion we have assumed a constant valye of 

0 . 25 ' * lor the overlap i<’tegrals, and have used r = 9.5-f(3.5) ( p ^ 3 ^ ) ^ fpr 

tiu- high frequency djt vctric constant. For the saxe of convenience 'we induce 
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a graph of Schmic's (see Figure 3. (t) calculation of t’le intrinsic carrier concen- 
tration for Hg^ ^Cd Te. The data presented in Figures 3,3, 3. A, 3.5, and 3.6 
permit a graphical determination of the Auger lifeti^ies for most cases of 
interest. Note that for x ^ 0.2 and T _< 200,3 £ 10 Thus, in (Hg,Cd)Te the 
Auger lifetime in tnis range of x-values and temperatures, the lifetime in 
p-type material will be significantly longer than in equally-doped n-t>pe material, 


(3.5) 


In (Pb,Sn)Te, as discussed above, the effective mass ratio is unity, ard 
the band structure pertinent to charge transfer has four vale..ce and four 
conduction bands at the center of the <111> zone faces, Emtage has shovni 
that when irtervalley scattering via the Auger mechanism is taken into conslde-ation 
the Auger lifetime is significantly .shorter than that which is calculated fror. a 
single valley model. Emtage' s result gives: 




(2tt) 


5/2 


t 

N 


2 2 
e K 

O oo 

n e 


(E ) 
-■S- 


7/2 


, ,1/2, ,.3/2 


(kT) 


V2 


-»(#) 


(3.18) 


where N=A is the number of valleys, N =3 is the number of valleys into which 

scattering can occur from a single valley, c is the permittivity of free space 

o 

K = 36 is the high frequency dielectric constant, n is the carrier concentration, 

Ob 

E the energy bandgap, = 0.14 the longitudinal effective rass, n = 0.014 the 
t§ansverse effective mass, and r = ra^/m . Equation 3.18 Is valid only for 
E « kT and r << 1. Note that r In tnls expression plays a role similar to 
p®ln equation 3.1A in that beth facters act to reduce the lifetime. Note that 
Emtage's theory which Includes the effects of Intervalley scattering gives s 
much shorter lifetime than docs the theory which neglects this tyoc of scattering. 
Hence, according tc this remlr the Auger mechanism is much stronger in (Pb,Sn)Te 
than was previously believed. 


In Figure 3.7, using equatio'; 3.13 we show the dependence of tne 
Auger llfet-ne on carrier concentration for (Pb,Sn)fe for an energy gap of 0.1 eV 
and for temperatures of and 200K. The theory is marginally good at 200k. 

For sake of comparison in the same figure, using the theory outlined above, we 
plot the Auger lifetime for (Hj',,Cd)Te for a constant 0.1 eV energy gap at the 
same temperatures. 


It is of interest to compare the Auger lifetime with the radiati' e 
lifetime, since at is either on*' or the other of these two mechanisms which 
provides the limiting lifetime. The radiative lifetime is given b\ : 


1 


R 



•^..(n +P •♦i 
Too 


(3.19) 
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where n Is the intrinsic carrier concentration, n is the majority carrier 
i o 

concentration, p is the minority carrier concentration and R is the radiative 

recombination rate. The radiative lifetime is symmetric with respect to carrier 

type. The radiative recombination rate depends ^t^ongly on tba absorption 

coefficient. We follow the work of Rinch et al'' ‘ and the work of Helngailis 

and Harman'’ ’ to calculate the radiative lifetime in (Hg,Oi)Te an'^ (Pb,Sn)Te, 

respectively. The results of these computations for a constant 0.1 eV energy 

bandgap at 77K and 200K are shown in Figure 3.8. These calculations are valid 

only for nondogenerate statistics. 

• For (IIg,rd)Te and (Pb,Sn>Te, we make the following observations concerriing 
the Auger and radiative lifetimes In nondegenerate material: 


(1) At low temperatures p-tyoe (Hg,Cd)Te has by far the longest Auger 
lifetime. 

(2) At higher temperatures p-type (Hg,Cd)Te and (Pb,Sn)Te have similar 
lifetimes for moderate carrier concentrations. In (Pb,Sn)Te the life- 
time decreases as the carrier concentration Increases, while it 
remains reasonably constant in (Hg.Cd)Te. The theory for (Pb,Sn)Te 
should be re-examined at these temperatures. 

(3) At low uej.pc’'atures in n-type material, (Pb,Sn)Te has an edge over 
(Hg,Cd)Te Insofar as the Auger lifetime is concerned. At 200K they 
are within about a factor of three of each other. In the exptessions 
for the lifetime for these two iraterials the overlap integrals have 
been approximated and in different » lys so order of magnitude deviations 
are not significant. 

(4) At moderate carrier concentrations, for the examples used in 
Figures 3.'^ and 3.8, the Auger lifetime is limiting for three of 
the four situations. Only for p-type (Hg,Cd)Te at 77K does the 
radiative lifetime limit the recombination. 


3.2.3 Conclusions 

Tlje best -del eloped and most versatile Infrared quantum detector 
materials are the Hgj^_^Cd Te and alloys. Of these materials only 

p-type Hgj^_jjCdjjTe offers weak Auger recombination. Other possible detector 
materials may also have weak Auger recombination, such as p-type InSb and p-tvpe 
Inils, as well as semiconductors not yet developed as infrared quantum detector 
materials. But of the well-developed materials designablc to various wavelengths, 
p-type Hg^ ^CdyTe is the best choice with respect to Auger recombination. 
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i' 3.8 KADIAdVf i.liniMl KOR(Pb,Sn)Te AND (Hg,Cd)Te AS A FUNCTION OF 
CAKKU.K rONC. . 'Jr RATION. IHL ENERGY GAP IS CONSTANT (0.1 eV) tOR 
noTii maiirtals. 
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Even though, as indicated In 3.2.1, there is not yet a complete Auger 
recombination theory generalizablc to all possibly useful semiconductor materials, 
we can still draw some general conclusions from the known results. Materials 
with "many-val’ey" band structures are probably undesirable because of the 
possibility of intervalley transitions like tht se which give strong Auger 
recombination in Pb^^ Sn Te. On the other hard, materials with "direct" k = 0 
energy gaps and greatfy dissimilar valence and conduction band effective masses 
can have weak Auger recombination like that In p-type Hg^^ Cd Te. These con- 
clusions are probably much more widely applicable chan one might at first chink, 
because the possible different Conns of band si^ri^g^ere fall within only a few 
classes, as Herman emphasized many yea’^s ago, ’ Thus we do not have a 
choice from among a great many different band structures to achieve the ninlnum 
Auger recombination. 

3.3 RADIATIVE RECOMBINATION 


Radiative recombination Involves the recombination of an electron-hole 
pair by emission of a photon with approximately the gap energy. If the 
transition is between band eytrema located at »He same point in k-space, then 
it Is "direct" radiative recombination and involves only the photon emission. If 
the band extrema are at different k*s, a phonen must also be involved to kelp 
conserve energy, and it is then "indirect" radiative recombination. The lowest 
possible thermal generation rate in an effectively perfect semiconductor crystal 
occurs when Auger recombination is negligible so that only radiative recombination 
remains. Thus to maximize the det^'ctoi performance, one always wants to reach 
the "radiative recombination limit" of the detector material. 


Van Roosbrocck and Shockley^^’^^^ 
recombination rate is given in general by: 


showed originally that the radiative 


R 

r 


h-c^ 


/ 

U 

g 


2 2 

n^ aU dJ 
expU-1 ’ 


E 

U 

® kT 


(J.20) 


If R^ << R^, then the qua: , , we want to ml^inlze is actually R /ct; see 
equation 3.5. Let us assume for now that nj^ and q are both constant, since they 
both arc tn fact weak functions of U compared to expU; we will reconsider this 
assumption later. Also, for the cases of interest here E^ >> k^T, so that we 
can assume expU >> 1 to a good approxitfetlon. The integral in equation 3.18 
then becomes: 


/ 

U 

g 


U exp(-U)dl) 


o 



exp(-U ) , 


77-1-6 


3-17 


ORnmAL PAGE IS 
OF POOR QUAUTY 



slnca U » 1. 
g 


Thus we have: 


R 

r 

a 


3 3 


U ^ exp(-U ) n,^ 
g g 1 


ifT 'y *) 

8r n/E ey.p(-E /kT) (3.21) 

1 g 8 


For a given wavelength response, which fixes E and thereby U at a certain 
ti.Dperature T, the only material parameter on §hich R^/a depends is the index 
of refraction n^^. Consequently, from equation 3.5 we have: 


-1 

D*^(max) “ 


(3.22) 


That is, the maximum possible D*^ varies Inversely as the index of refraction. 

To this approximation the Index of refraction is the only paramet =r differentiating 
between different detector materials. 


In fact, however, the U dependence of a should be considered, including 
the point that this U dependence differs for dire .t and indirect radiative 
transitions. Before doing'that mathematically, let us consider it qualitatively 
and physically. To do so we can use Figure 3.9 as an example. It shews curves 
of optical absorption coefficient vs wavelength near the intrinsic absorption 
edge for two well-known and typical seialconductors: 

• GaAs, which has a direct gap at k = 0; 

• Si, which has -*.n indirect gap. 


W”* recall that rhoton wavelength is related to energy by A(um) = l.24/E(eV). 

To be useful as an intrinsic infrared detector material, the semiconductor muot 

have a reasonably high absorption coe'ficient at the wavelength to be detected. 

This is for the reasons both of techno ogical practicality (so thnt the detector 

need not be inconveniently thick to ach eve high quantum efficiency) and for 

the absorption length (a ) to be shorter than the minority-carrier diffusion 

length, so tliat a "high-low" Interface can be effective in enhancing pv detector 

performance. ^ Referring to Figure 3.9, £ relatively high absorption coefficient 

of n, 10 cm is achieved by both materials at the same wavelength, but the 

indirect gap semiconductor (Si) must have a longer cutoff wavelength (narrower 

energy gap) to do so because of its less steep absorption edge. At the shorter 

wavelengtns both materials show about the same dependence of a on 1, but the 

values of (1 are higher In CaAs. Since the indirect-gap semiconductor requires 

.1 narrower energy gap to realize high absorption coefficients at the wavelengths 

to be detpcteo than does tne direct-gap semlcooductor, a direct-gap semiconductor 

with its larger U will offer a lever value of R /a (see equation 3.19) and a 
}i r 

correspondingly higher roaxlnum possible 0*^- So a direct-gap semiconductor is 
qualitatively preferable. 
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Let us return now to consider the effect of the energy dependence of 
the absorption coefficient. For direct transitions V7e have in general: 

/2 

a « (1) - U 7 
g 

Thus Instead of Che Integral evaluated to obtain equation 3.21 above, we have 
in this more rigorous consideration the intcgtci: 


I “ / (D-U^)^^^U‘‘exp(-U)dU. (3.23) 

g 

When U » 1, the solution to this inter”«l is: 
g 

I = ^ U ^exp(-U ), (3.24) 

2 g g 

which differs by only /iT/2 = 0.9 from the result obtained above by assuming 
a “ coi.otant; the conclusions made above are thus good to within this relatively 
insignificant numerical olscrepancv. 

3.4 MATERIAL PARAMETERS 

In this subsection we will review and summarize what is known ahouJ the 

parameters of semiconductcr materials that are useful as infrared quantum detector 

materials. These parameters will be needed in Che calculations in the following 

sections. The parameters required to dete’Tnlne D* can be divided into two 

categories: material parameters and device design parameters. Ihe important 

material parameters include n , p , p , t , T^, and c„. The device design 

® n 6 h ® 

parameters are N , N , and device geometry. 

A U 

3.4.1 Merciiry-Cadmlun Tellur ide 

Material parameters for Hg ^''e have been determined by the 

Honeywell Co^p^gate Research Center in past work, and are published in the 
literature. * Ihe intrinsic carrier concentration is given by: 

n^(c'n~^) = (8.445 - 2.2875x + 0.00342T) x 10^^ (3.25) 

E T^^^exp(-E /2kT), 
g g 

where E is the energy gap in eV rnd T the temperature in degrees Kelvin. For 
a given^x-value, tl>a temperature dependence of the energy gap is given by: 

E = -0.25 + 1.59x + 5.233 x 10~^ (l-2.08x)T J 0.328x^. (3.26) 

& 
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Electron and hole nobilities for Hit, Cd Te have been detenained by Hall effect 

X 

data. For Hg. the temperature dependence of the mobilities can oe 

* . . , 0.0 0 . 2 , 

fitted by the expressions: 


u - 5.0 X 10^ T~^'^ cm^/V-s (T > 30K.) 
® - 2.0 X 10^ cm"/V-s (T < 30K); 


(3.27) 


<- T 


^ -0.4 2 ,„ 

H = 7b..O X T cm /V-s. 

n 


(3.28) 


Mobility ratio data from photcconductive measurements indicate that is 
approximately the same in n-type as in p-type material. 


The final naterlal parameters are the electron and hole minority carrier 
lifetimes. There are three different processes which can contribute to recom- 
bination in (Hg,Cd)Te. These are Auger, radiative, and Shockley-Read. Expressions 
for Auger and radiative recombination h3'"e been determined; however, there is 
Insuff J 'lent information about the nature and cross sections of Shockley-Read 
centers In (Hg,Cd)Te to make calculations. 


For Intrinsic material, the radiative recombination time is given by: 


(3.3) 


Tr,i = nj/2R^, 


(3.29) 


where; 


-1 


5.8x10-‘\ 
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L e 


h J L 


m m 
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h J 


300 


3/2 


(3.30) 


For n-type material, the recombination time is T = n /R N„. For both radiative 

1 r D 

and Auger processes, the minority aijd maiority carrier recombination times .ire 

equal. For p-type material, r = n. /R N . 

1 r A 

Expressions for Auger recombination in n-cype material have been 
determined. For intrinsic material: 


7.6xlO“^\ ^(1+p)^^^ 


A,1 


* 0 
m 1 2 1 — 

Ty/2 




(l+2p) exp 




liiE-JL 

1+ p kT j ’ 


(3.31) 


where p = m^ /o , Is the optical dielectric constant, and Js the band 

overl.ip Integral. In r.-type, T •= ’ Thcorcucjl values of 

are accurate only to an order of ro^^Aitude. Experimental detvrm nations of 
^ have been made by Kincli ct al ’ for x = 0.2 material, and values of 
|Fj^r 2 l appropriate to these measured recombination times are useu. 
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In p-type Hgj Cd Te, Auger recombination Is much less probable char. 

In comparably doped n-type 3ue to the large hole mobility. For low and moderate 
carrier concentration p-typej electron-electron collisions are the dominant 
Auger process with ^ ^ ^ lO^^cm”^). For higher carrier concen- 

tration p--type, the full Expressions li< Section 3.2.2 must be used to Include 
both hole-hole and electron- electron collisions. 

The third recombination mechanism is Shoclcley-Read recombination. As 
analysis of data on current (iIg,Cd)Te photodiodes and direct measurements on 
p-type (Hg,Cd)Te will show, the latter mechanism Is predominant both In present 
p-type (Hg,Cd)Te and In the depletion layer of present (Hg,Cd)Te photodiodes. 
Although a model for these Shockley-Read centers can be formulated, the model 
is net sufficiently developed to detennine the recombination analytically. 
Therefore, the Shockley-Read combination time in p-type (Hg,Cd)Te will be used 
as a parameter jn fitting measured diffusion current to the modeJ , and the 
recombination time In the depletion layer as a parameter in fitting g-r current. 

3.4.2 Lead-Tin Telluride Material Parameters 

g^terial parameters for FtSnTe have been summarized by Melngallls and 
Harman. * The Intrinsic carrier concentration is given by: 

n/cm'^) - 2.9 x 10^^(TE„)^'^^ exp(-E„/2kT) , (3.3?) 

1 O S 


where E is in eV and T in degrees Kelvin. For a given x-value, tne temperature 

dependence of the energy gap of Pb Sn Te Is given by: 

J.*'X ^ 

E = 0.181 + 4.52 X - 0.568 x +5.8x^. (3.33) 

8 

One is often able to u.se the relationship between E and X : 

g CO 

A = 1.24/E (eV). (3.34) 

CO g 

However, one must be very cautious in using this for two reasons. First, the 

optical absorption edge is gradual ('uO.l A ). Thus, the cutoff wavelength 

co 

determined from the above may be ’eager than that measured in a device due 
to loss of pnotogenerated carriers deep In tfe junction. Second, at high 
doping levels n-type (Hp,Cd)le and both n- ar.d p-type Ph^nTe exhibit the 
Burnsteln shift. In the Burr.steln effect "sharp" (low m ) bauds fill up 
rapidly at moderate dop.ant levels. Thus, mai erlal w: th a gap corresponding 
to 12 pm may not respond even at 10 pm. This problem is more severe In (Pb,Sn)Tc 
than In p-type (llg,Cd)Tc due to low effective hole and electron macsts. l.n (Pb.Sn)Te. 
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Mobilities for Pb^ been dctenrlned from Hall data. These 

data hive majority carrier mobility. In using these values, one is assuming 
that the nobility can be extrapolated to minority-carrier tran.sport. Mobility 
is strongly dependert or. crV'tal growth techniques in (Ph Sn)Te. The values for 
(Pb,Sn)Tc films are used here^-^*^^; values for bulk (Pb,Sn>Te are somewhat higher. 
The mobility in (Ph,Sn)Te is known to decrease at doping above lOl*’ cm”^. The 
mobility also incr|a|^^ as the gap decreases due t'- the dgcreasing effecj^'^e 

mass; we use ti « m to natch experimental data. As m “ E , JJ ® L : 

g g 

p 2.4 X loV^^^ (0.103/E )^^^(1.0 X 10^®/N./^^cm^/V-s; (3.35) 

e g A 

= 2.4 X (0.103/E )^^^(1.0 X 10^^/N^)^^^em^/V-s. (3.36) 

h g D 


There are three -tecombination mechanisms possible in semiconductors: 
Auger, radiative, and Shockley-Read. Expressions for Auger and radiative 
recombination have been determined; however, there is in_ufflcient information 
about the nature of Shockley-Read centers in (Pb,Sn)Te to make calculations. The 
express|^n^jor radiative recombination was calculated by Helngaills and 


■1 2,5>io“ K„(ki)V'K */„ 


2 . 
n, n.E 
i 1 g 


e o 


(3.37) 


where: 


Ny “ number cf equivalent baud extrema = 4 

= ratio of longitudinal to transverse effective mass = 10 

n •= index of refraction - 6 

* 

ra , m = electron, hole effective masses, 
e h 

The minority carrier recombination times are given by: 

T = n ^/N R , T n ^/N R . 
e iAr p iDr 


(3.38) 


The fxpre‘.sloB for Auger recombination has recen'"ly been determined by 
P.R. Lmtagc:'^'^^ 




ex|- 


m E 
t g 


m „2kT 
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where m and m are the transverse and longitudinal effective nasses and c 
c K, ® 

Is the optical dielectric constant. The effective masses Increase as the 

band gap: 


ai 0.014 m (E /O.IO eV) ; (3.40) 

t o g 


ro. = 0.014 m (F. /O.IO cV) . 
S. o g 


(3.41) 


The ratio is 0:1 and accounts for the rapid Auger recombination in 

(Pb,Sn)Te. The Augtr recombination time decreases as the square of the doping: 


T 

e 


T .(n./N T = T .(n./N )^ 
A,i 1 A h A.i 1 0 


(3.42) 


Since (Pb.Sn)Te devices are generally formed from heavily-doped iDaterial due to 
the difficulty of achieving low carrier concentration (Pb.Sn)Te, the Auger recom- 
bination ran be significant. 

3.5 FEASIBILITY OF NEW MATERIALS 

Throughout Section 3 we have assumed the achievabllity of nearly 
perfect detector material, in which crystal defects do not limit device performance. 
Such a situation is achievable or within the realm of possibility for the 
presently well-developed materials, Hg^ Cd Te and Pb Sn Te, at relatively 
high cperatlng temperatures; see Sections 6 and 7. The incentive for finding 
and developing new materials can therefore only exist if either serious tech- 
nological difficulties or fundamental limitations of the present materials exist. 

Ue v*ll now conclude Section 3 by discussing the feasibility of new materials 
with respect to fundamental limitationb . 

We have shown in Section 3 'hat fundamentally for maximum D*, one 
needs a detector material satisfying th.ee criteria: 

a. Auger recombination should be weak or negligible compared to radiative 
recombination. 

b. If (a) is satisfied then the material should have the lowest possxble 
Index of refracclon. 

c. And a material having a direct energy gap is preferred over an indirect- 
gap material, so that the detector material need not be so thick to 
achieve the optimum ot, that the advantageous use of a "high-low" or 
electrically-reflecting back contact in a photovoltaic detector is lost. 

Auger recombination is strong In n-type Hg Cd le and apparently also in 

both types <»f ^Sn Te, but it is relatively weak in'^p-type ^Cd^Te. It is 

unlikely that a new, different semiconductor could be found with Auger recombination 

significantly weaker than that in p-type Ug, Cd Te. 

1-x x 
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The index of refraction of the llg^ 2 "^® 8^"q 2 ^^ affoys 

used for 8 to 14-iim Infrared detection and of a few other well-known soniconductors 
are listed below. These values Illustrate the fact that the index of refraction 
varies little among different semiconductor materials. Therefore, only miner 
improvement in the maximum possible D* could be expected if anothe” 8 to 14-hm 
material were found. 


INDICES OF R£yRACTION OF FEMI.:0NDbC10RS 


MATERIAL 

INDEX OF REFRACTION 


6 I 

1 



InSb 

4 

InAs 

3.5 

Ge 

4 

Si 

3.4 


We believe that the small improvement which could be expected at best 
does not warrant the extensive research which would be required to find such 
a material and develop its technology. 

The presently well-developed materials, Hg ^Cd Te and both 

have direct energy gaps and therefore satisfy criterlon(c^. * ^ 

Thus we conclude that p-type Kg Cd Te, employed in the photovoltaic 
detection mode, is nearly as good a materiaf for iraximvm 0* and hi>:;h-teT)per.iture 
detector operation as one could ever hope to find. This is a fundamental 
tcnclusion derived from b.islc theory and assuming essentially perfect crystal 
material. It would tlicreforc not be realistic to initiate a search for new 
materials. 
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3.6 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.8 

3.9 
3.-3 
3.n 

3.12 

3.13 

3.14 

3.15 

3.16 

3.17 

3.18 
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SECTION k 

PERinKM,\.\CE LIMITATIONS OF 8-l4um 
PHOTODIODES AT ELEVATED TE^tPERATURES 


4.1 INTRODUCTION 

In this section, the status of present 8-lAviir photodiodes is assessed, 
the ultimate perfornance dotemined, and the factors limiting present devices 
isolated. This analysis consists of five parts: 

• An analytical model of photodioda performance is developed 
which allows performance to be calculated giving material para- 
meters and doi ice design; 

• The performance of present (Hg,Cd)Te and (Pb,Sn)Te photodiodes 
is modeled and key parameters limiting performance isolated; 

• The ultimato performance of (Kg,Cd)Te and (Pb,Sn)Te photodiodes 
at elevated temperatures is determined. 

• Improvements In both dvvice design ard in mateiial parameters 
required to achieve ultimate performance are xplored. 

• Coupling conditions for interfacing diodes to amplifiers and to 
charge coupled de/ices ate determined. 

Seniconductrrs other than 04’.Cd)Te and (Pb,Sn)Te are also assessed. However, 
these temiconductOiS are close relatives of either (Hg,Cd)Te or (Pb,Sn)Te. 

TI 1 US, tiie performance of devices fabricated from these other materials Is un- 
likely to oe substantially bv’lter. 

4.2 THEORETICAL MODEL OF .PriOTODIODU PER’='ORMANCr 

In this section, an analytical model of photodiode performance is 
developed. The model will have three purposes: 

• To model perf or.mance of current devices 

• To determine limitations of present devices with respect both 
tc material p.u in- ters and device design. 

• To deremine I'ptimun device design and ultimate performance. 

To t'tvelop the model, the cNTtession for signal and noise in photodiodes cill 
be outlined. 


I 
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The performance of a detector is usually cnaracterlzed by its D*, or sigril~to- 
nolsp ratio normalized for iroa and bandwidth: 


D* 




i 

n 


( 4 . 1 ) 


where: 


= current responsivity 

A = area 

= bandwidth 

i “ noise curient 
n 

For a ph todiode, the retponsivity is determined by the quantum efficiency r. 
and th elength A: 


“ nq A /he 

where h is Planck's constant and c is the speed of light. 


(4.2) 


The noise sources associated with a photodiode are Johnson ncise due to the 
junction resistance R^, background induced noise current, and 1/f no.se i^: 

2 2 

1 l/ 

n 4kT 2 * 

Af “ 2nq A Lf (^*3) 

o 

where <pg is the background flux ana k is Boltzmann's constant. 


Because i/f noise is process dependent and cannot be treated analyti- 
cally, it will not '.a discussed In this section. For the best present 10-micrometer 
diodes the background flux Is the limiting factor; fo-^ a 180-degree TOV the back- 
ground-limited D*;^ (11 un, >1^1) is 5.0 x 10^® cm Hz**/W. However, to evaluate 
detectors the detector noise rather than the background noise is of interest. 

In addition, for direct coupling to a CCn, tlie critic.’! parameter is R^A. Thus 
background noise will not bo considered in this section. 


becomes : 


Substituting the expressions for Rj: and !„, the expression for 


1)K 


X 


i q n 
l«c 



(4.4) 
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There are tlirec current mechanisms which contribute to RqA. These arc 
generation-recombination current, diffusion current and surface leakage current 
(shunt). If there are no contacts or surfaces within a diffusion length of the 
diode, the R^A product due to diffusion current can be written as; 



(4.:; 


where : 


n = intrinsic carrier concentration 

' ' 

P , p. = electron and note tninority carrier) mobility 
e h 

T , T = electron and hole (minority carrier) recombination time 
e h 


N^, =• dopant concentrations on p and n sides (acceptor and donor 

concentrat ions) 

Diffusion current is due to the diffusion of thermally generated minority 
carriers from the n and p sides of the semiconductor to the depletion layer at 
the p-n interface. The volume of semiconductor wh'*ch contributes to diffusion 
current is given by the diode area times the diffusion length for a minority 
carrier. The minority carrier diffusion length is given by: 


L = P T (4.6) 

The' volume of semiconductor required to generate the signal is the diode area 
times the optical absorption depth required to absorb 90% of the incoming 
radiatlo.i: 


L ■= 2.5/u (4.7) 

opt 

3 -1 

where « l.s the absorption toef f Icienn, t>picaliy 5x10 cm '. Thus, L^pj-wSpra. 

In most cases, the minorit;* carrioi diffusion lengths are considerably longer 
than 5pm; thus, a substantial volur-c of the semiconductor is contributing noise 
without contributing signal. 
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It is possible to shrink the effective semiconductor volume to the volume neces- 
sary for signal collection by use of "reflective" contacts. The use of 
heavily doped p+ and n+ regions in back of the p and n regions creates a space- 
charge barrier to minority carrier diffusion and reduces minority carrier density 
in the heavily doped regions. 


The R^A for the rase when reflective contacts are used is given by: 


(RoA) 


-1 


kT 


"""(y 


( 4 . 8 ) 


where bp and b„ are the distances from the junction to the p and n side space- 
charge barriers. 

Generation-recombination (g-r) current Is due to thermal generation 
and recombination of carriers in the depletion layer. Generation and recombina- 
tion can be due to three processes: radiative. Auger, and Shockley-Read. 

The expression for RqA for -g-r current has been derived by Sah, Noyce 
and Shockley.^ For bias voltages near V 0; 


(R A) 
o 


qn^W f(b) 

V, T 

bi i no po 


(4.9) 


where : 


W = depletion layer width = 


' 2c (V, + V) 

s bx 

9 


V, , = built-in voltage = — in 
bl q 


/N. N‘ 

( A Dj 


(4.10) 


(4.11) 


X ,T = minority carrier lifetimes on n and p sides of the junction 
no po 
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and f vb) is a function depending on the position of the Shockley-Read centers 
with respect to the conduction and valence bands. For centers in mid-gap, 
f(b) = 1. 


The theoretical limit to g-r noise in defect-free material is the radiative 
recominbatlon limit. D. Long^*3 has shown that for radiative recombination 


V T T /f(b) (4.12 

no po 

should be replaced by the radiative recombination time in intrinsic material, 

V- 

-2 

Since diffusion-limited R^A increases as n^ as the temperature is 
lowered while generation-recombination noise Increased as nj^~l, there is a tem- 
perature at which the diode switches from diffusion to g-r limited behavior. 

This IS shown in Figure 4.1. The increase in R^A will not continue indefinitely 
as the temperature is decreased further; at some temperature the surface leak- 
age resistance (shunt resistance) dominates the R^A becomes independent of 
temperature. 

4.3 PRESENT STATUS OF 11-pm (Pb,Sn)Te PHOTODIODES 


4.3.1 p-n Junctions 


In this sect. in, the present status of (Pb,Sn)Te photodiodes is re- 
viewed. Analysis of data on (Pb,Sn)Te devices will yield the follow ng informa- 
tion: 


• lemperature range over which diffusion current is dominant 

• Temperature range over which generation-recombinat I ' orrent is 
dominant 

• Depletion layer lifetime. 

• Minority carrier lifetimes on n and p-sldc. 
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SURFACE LEAKAGE 
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Figure A. 





1 R A VS TErtPFRATLRF FOR A pi' JUNCJTON PHOTODIODE, SHOWING 
REGIONS OF TEKPFRAl^RE OVER WHICH THE JUNCTION R A PRODUCT 
IS LIMITED BY VARIOUS MECHANISMS. " 


A-6 


77-1-6 



i 


T 


i 


I 

■it" 


( 

_1 


rfir<‘o typos of doviccs li.ivi* boon made ia (Pb,Sn)Te‘ ordinary p-n diodes, hetero- 
junctions and Schottky bajrr^er diodes. Diodes in (Pb,Sn)Tj arg ^ab^icated^ 
from either bulk materia^ g gr^fr^nij^ayers deposited by vapor ' ’ ' ’ 

or liquid phase epitaxy, 2 . 3 ’ " as-grown material is generally high 

carrier concentration {>10 cm ) and requires annealing tc achieve low carrier 
concentration. A donor dopant is then diffused to create an n-layer. Because 
of the symmetry of the conduction and valence bands in (Pb,Sn)Te, the theoretical 
performance of n-*- on p and ps- on n are equivalent. 


Figure 4.2 shows as a function of temperature for a (Pb,Sn)Te diode 
fabricated by DeVaux, et al. 4.11 xhe devices were fabricated using indium diffu- 
sion to form an n-layer on a p-type (Pb.Sn)Te w^fer. The donor and acceptor 
concentrations were 1.0 x 10^^ cm“^ and ~ 2.0 x 10^^ cm“^. For temper- 

atures below 77K, the device was limited by generation-recombination current and 
displayed R^A = 2.0n-ca~. The model of the previous sections with the depletion 
layer lifetime as the fitting p.-rameter vields T ~ 20 ns for an abrupt junction. 
For T > 77K, the device is limited b> diffusion current . DeVaux, et al , assumed 
a constant lifetime of 1.7 x 10~® s to fit this data. However, calculatiors 
based on the theory of Auger recombination is (Pb,Sn)Te by Rmtage^'^^, indicate 
that the recombination time was limited by Auger recombination. The Auger recom- 
bination lifetime for 3 x 10^^ Cai ^ is 3.5 x i0“® s. and Is relatively 

insensitive to temperature until the semiconductor becomes intrinsic 
Thus, It is possible that the (Pb,Sn)Te diode of DeVaux, et al, was limited by 
diffusion current from both the n and p-sides, with an effective llfetir^e of 
~ 30 ns limited by Auger recombination. 

^ IX 

Figure 4.3 shows data from DeVaux et al, ’ for a (Pb,Sn)Te diode 
fabricated from a higher p-type carrier concentration wafer. Theoretically, R^A 
should increase as N for a Shockley-Read limited lifetime, as for 

radiative and would be indcpcnecnt ot for Auger-limited. As can be seen 
from Figure 4.3, R„A decreased with N^,^, implying eitlier Auger-limited beliavior 
or a Shockley-Read limited in which stoichiometnc-related defects play a role 


Figure 4.4 sl.ows R^A as a function of for diode.s fabricated by 
DeVaux. For a con.stant lifetime t , R A should increa.se as .N , ; for a radiative- 
limited lifetime, R^A should increase a •» and for Aug .t- 1 inl ted lifetime, 

RyA IS indcpi-ndent of As can be seen, the experimental data decreases 

slightly with Ny^, indicating Auger-limited lifetime. 


4. 10 

Wang et al have fabricated p-n homoj unction^ using epitaxial 

(Pb,Sn)Te. The heavilv doped side had a carrier cor.centratioi; of 1.0 x 10^^ cm 
while the lightly doped side was 2.8 x 10l^’cm~3, Cap ic 1 tancc-vol cage data inoliated 
that llie junctloii was graded with a grading constant a = 2.0 x 10-*cm~'^. Wang et al 
repoited temperature dipcndeiue of the R^A product. At terigeraturcs below 80 K 
the diodes were limited |iy g.eiu-rit lon-recomblnatlon current with an effective 
deplet iaii-1 jyer lifetime of 70 ns. At temperatures above 80K ino diode.s were lim.i- 
ted by diffusion Current. Modeling of the temperature deg idi'aci ..f tne R^^A produt t 
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’■'iRiire 't.1 R A VS TEMPEPATLRE ; (Pb,Sn)Te (Fron Referonoc 4.11) 






Indicated a lifetime of approximately 40ns. The Auger-limited lifetime calculated 
using the theory of Emtage for a carrier concentration of 2.8x10 cm and a 
0.11 eV bandgap is 82ns. Thus, it la posalble that the devices were achieving 
lifetimes limited by Auger recombination. 


4. 3.2 (Pb.Sn)Te Schottky Barrier Diodes 


A number of contractors have fabricated Schottky barrier diodes on 
(Pb,bn)Te. The devices have shown performance equivalent to that obtained In 
p-n photodiodes and heterojunctions at 77K; however, no data at elevated tempera- 
ture has been published. 

For a true Schottky barrier, the maximum barrier height 5s the energy 
gap E^. Using 0^ = E and the expression for R„A for a Schottky barrier gli^en 
in Se'itlon 4.0.5T the®calculated R A Is O.lii-cm^ at X =12 pm and 1.6fi-cm" at 

Aco ■= llpm. The measured data Is often well above 0.3Q-cm‘. D. Bellavance and 
M. Johnson of Texas Inst. ^*13 report R^A ~ 1.0n-cm2 at 77K for arrays using In or 
Pb electrodes on epitaxial (Pb,Sn)Te with Ap = 10.7pm. However, Schottky barrier 
diodes fabricated on (Pb,Sn)Te are probably not true Schottky barriers due to 
the presence of an inver.sion layer under the electrode. For In electrodes, the 
large metal work function appears to result in strong band-banding. This givee 
rise to an Inversion layer^'A^. The result Is a p-n junction with a barrier to 
Current flow given by Fp - 6. For a degenerate semiconductor, the Fermi level 
is In the band and Ep-6 > Eg. njc device formed in this manner would not per- 
form as a true Schottky barrle. , but rather similar to a p-n diode. 

4.3.3 Heterojunctions 

Hjere aas been extensive development of (Pn,Sn)Te hctcrojunctions for 
both thermal Imaging and space-borpc applications. • 30 The heterojunc- 

tlon is formed by liguid-phase epitaxial (LPE) growth of (Pb,Sn)Te on PbTe 
Substrate, or LPE growth of PbTe on a (Pb,Sn)Te substrate. Due to the 5 pm 
Cutoff of PbTe, the junction can be back-side Illuminated. 


The lattice match between PbTe and PbQ^gSnQ^^T® Is sufficieatly good 
that the density of interface states Is quite small. Ibe use or heterojunction 
Instead of p-n homojunctions has a number of advantages. The epitaxial films 
have lower defect density and greater uniformity In composition than bulk (Pb,Sn)1o. 
Alsu, the carrier concentration In bulk (Pb,Sn)Te is generally limited by stoichio- 
metry to values greater than 1.0xl03^cm"3; at this high a carrier concent at ion 
both n and p-type are degenerate and exhibit a Bursteln shift .ind. ^ short minor- 
ity carruT lifetime. The use of ipltaxial growth makes posslb’n lo* larrlor con- 
centrations (< 5.Oxl03^cm~3) . Finally, the thickness of the uPE layer can be ad- 
justed to be equal to an optical absorption depth, effectively reducing the volume 
of semiconductor generating noise. 
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Figure 4.4 R A VS DOPANT CCNC >.NTRATION FOR 
o 

(Pb.Sn)Te p-n PHOTODIODES (DJta from 
Reference 4.11) 
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Figure A. 5 shows R^A as a function or tenperature for a PbTe/ (Pb,Sn)Te 
heterojunctiori^'^^ at temperatures T * 50K. Tne device had a cutoff wavelength 
of 10.6pm at 77K and 14.5pm at 30K. The data was fitted using the model of 
the previous section. The device was limited by g-r current over the full 
temperature range; the depletion layer lifetime used to fit the data was 5ns. 
The theory is for an abrupt Junction. In fact, the device was graded instead 
of abrupt and so had a correspondingly longer lifetime. 

4.9 

Lockwood et al have reported a (Pb,Sn)Te based heterostnicture 
with high RqA product at 77K (R^A S lO.OQ-cm^). Tlie device structure was 
not <iiw"iosed: as a result it was not possible to model the performance. The 
theoretical limit for a p-n (Pb,Sn)Te homojvnction at 77K with a 0.10 eV band- 
gap 18 of order 6.0fJ-cm^ (assuming the \uger-llmlted lifetimes as determined 
by Emtage). As the expressions for Auger lifetime are approximate, the data 
of Lockwood could be modeled by assualr^ diffusion current from the (Pb,Sn)Tc 
side of the heterostrurtur''' fbe carrier diffusion I'-.igth 

calculated assuming Auger-limited lifetime in (Pb,Sn)Te doped at 
is 52pm. AS the depth required for signal collection is only ~8pm, a factor of 
6-7 Improvement in R^A cou}o be realized by limiting the thickness of the active 
(Pb,Sn)Te epitaxial layer to ~8pra and either passivating or accumulating the 
surface to reduce surface generation of carriers. Thus, the theoretical upper 
limit for a (Pb,Sn)Te hererojuncticn using a 8-pm thick active layer is RqA~ 
40.0n-cm^. Thus, the data of Lockwood et al is well within the theoretical 
limits for a thin (Pb,Sn)Te film. 

In summary, data on (Pb,Sn)Te p-n junctions has been modeled using 
the expressions developed in Section 4.1. The highest R^A values reported 
can be fit assuming diffusion-current limited R^A with the minority carrier 
lifetimes on the n end p sides limited oy Auger recombination. This would 
suggest that the best (Pb,Sn)Te photodiodes currently achieve close to the 
theorltical limit RqA at elevated temperatures. However, the calculation of 
Auger lifetime in (Pb,Sn)Te is probably not accurate to within a factor of 
2-5, so the conclusion must remain tentative. A substantial amount of (Pb,Sn)Te 
data with lower RqA products has been renorted; these devices appear limited 
either by surface leakage or by a short minc,ity-carrier lifetime probably 
associated with Shoukley-Rcad centers. 

4,4 PRESENT STATUS OF ll-pm (Hg,Cd)Te PHOTODIODES 

In this section, data on 8-l/-pm (Hg,Cd)Te photodiodes are roviewod 
and compared to the model developed In the previous section. Data aiuilysis 
will yield the following Information: 

• Recombination tins in p-ty?e (Hg,Cd)Te 

• Depletion la>uT lifetime. 

0 Temperature range over which diffusion current Is dominant 

0 Temperature * •■nge over which g'.neration-r<.combination current 

Is dominant 

• Shuiit-rcsistance limit of current devices 
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figure 4.5 R A VS TEMPERATURE- (Pb.Sn)Te hFTERO.'U.VCi lOX 
° (Reference 4.15) 
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A . 4 . 1 n' on p 

Three types of devices have been fabricated 'n (Hg,Cd)Te; n- on p, 
n+ or. p and p+ on n. The three device structures are shown in' Figure A.C n.c 
n- on p diode is formed as follows. At the high temperatures at which (Hg.CdyTe 
is grown, a substanti.,1 number of metal (Hg and Cd) vacancies are present in 
(Hg,Cd)Te; these vacancies act as acceptors. By introducing lig or Cd into the 
lattice, in a low temperature anneal, these vacanclc.'; are filled, reducing -he 
acceptor concentration to a low value (, lC-1^ cm-3). If donor impuritits at the 
low 10^^' cm^^ level are present ir the lattice, the annealed region becomes 
n-type. Thus, an n-region is formed in a p-type (Hg,Cd)Tc wafer. The jurction 
depth, typically A-um, is controlled by the diffusion time and temperature. The 
n+ on’p structure can be frrmed either by ion implant or diffusion of a donor 
Into p-type (Hg,Cd)Te. Similarly, the p+ on n structure car be formed by ion 
implant or diffusion of an acceptor into n-rype (Hg,Cd)Te. 

Figure A. 7 shows R^A as a function of temperature for a (Hg,Cd)Tc 
n- on p photodiode. Pic diode cutoff wavelength was llpm at 77K and 9um 
at 150K (the shift due to the change in energy gap in (Hg,Cd)Te with tempera- 
ture). The dopant levels were Nq = 2.0xl0l^cm~^ and = 1. OxlOl^cm"^. At 
low temperatures (T •' 105K) , the R^A product increases as nj"^, w.iere n^ is the 
intrinsic carrier concentration. This indicates that the diode was dominated 
by g-r current. This has been confirmed both by the slope of rhe forward I-V 
characteristics (I o e 9V/2 kt) and the reverse I-V characteristics (1 i V ^). 

The model developed in Section A. 2 was used to fit the data using the depletion 
layer lifetime as the varlaole. The analysis indicated a lifetime Tq = 30ns. 

As 30ns is a factor of 100 shorter than iri cr taj, the short lifetime is pre- 
sumably due to Shockley-Read centers. 

_2 

At elevated temperatures (T > 105K), the RqA product vanes as nj , 
indicating diffusion-limited current. This has been confirmed by forward 1-V 
(I a e SV/KT) characteristics. 

To determine whether it is the n-sidr. or the p-sidc which limits 
the diode, it is necessary to aeternlne the minority carrier lifetimes on the 
two sides. On the n-side, the thcoietlcal limiting lifetime mechanism is 
Auger recombination. Measured lifetime? in bulk n-tvpe HgQ gCdo. 2 Tc have 
been measured by Kinch et al^ • and were Auger limited. Measurements of minor- 
ity carrier lifetimes on tl • n and p sides ol n- on p liodc have been made 
using the rolloff frequencies of the i-f signal in laser heterodyne measure- 
ments.'^ ‘ These measurements canflrm an Auger-llnlted lifetime oi. the r.-stde 
of the diode. Tlic p-slde lifetime determined from these neaaurcments was 
~1.0xl0“8s, considerably shorter than Che radiative recombination llfecine 
which Is the theoretical upper limit in p-t>pe (Hg,Cd)Te at 77K. 

Using tlicse lifetimes and the model of Section A. 2, u mn sc slio.-'n 
that the p-slde limits the R^A product of the n”-on-p diode. The p-side lifeline 
determined from modeling the data shown in Figure A. 16 was 30ns. The radiative 
limit at IlOK is 200r.s. The Auger limit is considerably longer for both electron- 
electron and hole-hole processes. Tlius, the 30ns lifetime is due to Shockley- 
Read recombination. 
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figure 4.7 R^A VS TEMPERATURE ti" ON p (Hg,Cd)Te PHOTODIODE 
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The data on present n- on p (Hg,Cd)Te photodiodes can be summarized 
as follows: 

• At low (T < IlOK) temperatures, the diodes are limited by 
generation-recombination current. At 77K, the best (Hg,Cd)Te 
devices display RqA products of 1.0 to 4.0f2-cm^, corresponding 
to D*(n = 0.5) = 7x10^^ - l.AxloH cm Hz's/W. In practice, l/£ 
noise reduces measureu D*^ below these values. 

• The depletion-layer lifetimes determined using the model of 
the prevlour section and (Hg.Cd)Te diode data range from 
lxl0~^s to 3xl0"®s. These lifetimes are much shorter than 
the intrinsic Auger and radiative lifetimes and arc due to a 
Shockley-Read center. 

• At elevated temperatures (T > 105K), (Hg,Cd)Te diodes are limited 
by diffusion current. At 120K, the R^A of a device with Xcofl^CK) 

= 9.2pm was 0.1 -cm-, corresponding to D*^ -l.AxlOl^cro Hz’s/W. 

At 200K, the device R^A was 2.5xl0~3, corresponding to D*(A(.o=8. 5pn) 
= 1.6xl0^criHz^/W. The diffusion current is from the p-side and 
can be modeled by a minority- carrier lifetime Tg ^ SxiO-^g^ 

• Independsrt measurements of the minority carrier lifetimes have 
been made using laser heterodyne mixing; these measurements 
confirm tic Auger-limited lifetime on the n-side and the short, 
Shockley-Read limited lifetime on the p-side. 

4.4.2 n+ on p (Hg,Cd)Te Photodiodes 

Tne n+ on p diode structure is fabricated using either an Impla.ita- 
tJon or diffusion of a donor into a p-tjiie wafer. The p-type wafer may be 
moderately doped (1.0xl0^^cm”3) or heavily doped (,2 . 0xl0^®cm"^) . The n-side 
is typically doped Nq = l.OxlQl^cm ^ to Nq “ 1. 0xlGl8cm“3. 

The use of the high dopant concentration on the n-side considerably 
changes the analysis of Junction properties. Due to the low conduction-band 
effective mass In (Hg,Cd)Te, Che n-type (Hg,Cd)Te becomes degenerate at rela- 
tively low (.. 2.0xl0l5cm-3 @ 77K) carrier concentrations. In this case the 
Fernil level is well ibove the conduct ion band. Using the. usual expressions 
for the electron carrier concentration. 
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where : 


N = conduction band d«‘nsity of states 

,, M * 3/: 

= 4.8''l0 ’■ 1.2x10 cm 

n 

o 


n = (E - E^)/kT 


c ** d e 


\ (n) = 211 S I + cxp(e-n) 

o 


.16 


For Njj = 1.0x10 , Ep-Ej. = lOkT . So for the n+ side of the n+ on p 

(Hg,Cd)Te oiode the Fermi level is well Into the conduction band.^'^® 


The degeneracy on the n-slde strongly affects Auger lifetimes. This 
can be seen qualitatively as follows. Generation of carrier by Auger mechanism 
takes place by impact Ionization, as shown In Figure 4.8. For Auger generation 
to occur, states 1 and 2 must be occupied while states 1' and 2' must be un- 
occupied. For low n-slde doping levels (Np < Ixl0l5cm“3) the final states (I* 
and 2') are unoccupied near the conduction band edge. Hence, the energy change 
AE, in the translation, is approxltcately a bandgap Eg. The Auger mechanism 
decreases in probability as exp(-AE/KT). For heavy doping levels on the n-slde, 
the n-slde la degenerate and the Fermi level is well up Into the conduction 
band. Therefore, the states 1' and 2' near the band edge are filled and the 
normal Auger process is snut off. The only possible process would -equire states 
1* and 2' near the Fermi level. Thus, the energy change AE’ Involved in the 
transition in degenerate n-type (Hg,Cd)Te is much greater and the transition rate 
is drastically reduced. Calculations performed by Paul Peterson ^-20 have confirmed 
this reduction in Auger recombination in degenerate n-type (Hg,Cd)Te. If the 
Auger recombination rate calculated using degenerate statistics is in fact much 
lower than that calculated using nondegenerate statistics, then the diffusion cur- 
rent from the n-slde will be reduced substantially. 

Thus, the Auger llfeilme calculated using non-degenorate statistics 
predicts a much shorter life time than what is estimated for degenerate statis- 
tics. Thus, the n-slde can often be neglected in calculating diffusion cur- 
rent in a n+ on p diode provided the n-side Shockley-Pead lifetime is not 
extremely short. It should be kept In mind that che use of doping levels 
well above those required for degeneracy shifts the absorption edge well away 
from the cutoff of Intrinsic material (this is known as the Burstcln shift). 

Thus, the n-side acts as a window and the radiation is absorbed on the p-sidc. 

n"*" on p (Hg,Cd)Te photodiode have been fabricated bv J. .'•larine and 
C. Mottc of S.A.T. for the 8 - 14 pm spectral region and by T. lYeJwcll of 

lloncywel] in the 2 pm spectral region. ^-22 Plgure 4.9 shows data of Marine and 
MoCLe. Tlic curva Is for a diode with \ = 13 urn at 77 K, 

CO 


DEGEN 








llie data w.is modclcil using the expressions given in Section 4.2. 

The Auger lifetime on the n-slde was assumed to be sufficiently long that 
diffusion current from the n-slde did not limit device performance. The 
13-hm diode data followed the generation-recombination current expression over 
the full temperature range. As capacitance-voltage characteristics indicated 
an abrupt junction. It Is possible to determine the depletion layer lifetime; 
the lifetime determined In this manner was 2ns. The fact that no diffusion 
current was seen, even at elevated temperatures, makes it possible to set a 
lower limit to the minority carrier lifetime on the p-side, Te. This lower 
limit is Tj, > 100ns, very near the radiative recombination limit at this 
temperatuie. 

The shorter wavelength device has been modeled in a similar manner. 
The diode also appears to be limited by generation-recombination current over 
the full temperature range, with an effective depletion layer lifetime of 
To ~ 10ns. 


Results on n-t- on p (Hg,Cd)Te photodiodes may be summarized as 

follows: 

• The high n-sldo doping level makes the n-slde degenerate. 

As a result Auger recombination is significantly reduced 
and so diffusion current from the n-side also reduced. Also, 
the n-siie will he transparent to the radiation and so the 
optical absorption takes place on the p-side. 

o Analysis of present 8-lApm n+ on p diode data indicated 
that the devl\'cs are limited by generation-recombination 
current over the full temperature range with an eftectlve 
depletion-layer lifetime of ~5ns. The lifetime is probably 
due to Shockley-Kead center. However, use of minimum doping 
levels above that used In the n- on p diode has reduced 
the g-r current. 

4.5 THEORETICAL PERFORMANCE LIMITS OF 8-14Hm (Pb.Sn)Te PHOTODIOOES 

In this section, the ultimate performance of (Pb,Sn)Te photodiodes 
is determined. Two types of devices arc considered: p-n diodes and 
Schottky barriers. Foi each, the present limit to device performance 
is calculated using the llfetimca determined from measarements on (Pb,Sn)To 
diodes. TVjo typos of Improvements arc then assumed: Improvements in 

material parameters (largely In minority carrier lifetime) and improvements 
in device design. The performance limits of devices with these Improvinents 
are then calculated. 
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(Pb,Sn)Te p-n Junctions 


The analysis of the* previous section has Indicated that the best 
(Pb,Sn)Tc photodiodes arc limited by the short Auger lifetime in (Pb,Sn)Te. 
Calculations using tlie expression for Auger lifetime derived by Emtage fit the 
data of DeVaux, etal, to within a factor of two. The analysis indicated 
that (Pb.Sn)Te pho*-odiodes will bo limited by diffusion current for T > 77K. 

Using the Auger-limxted lifetime, the of (Pb,Sn)Te diodes at 
elevated temperatures is shown in Flgur'i 4.10 tor a constant Ico 12pm. 

Since the bandgap of (Pb,.Sn)Ts changes with temprraturc, no one single de- 
vice would have = 12pm at ail temperatures; for Figure 4,10 the Pb^.-^SOxTe 
composition x is varied to achieve a 12pm cutoff at all temperatures. 


D*;^ is related to R^A by 



where background .and amplifier limits have not been included. The calculations 
Indicate that ')*A “ 1.0xl0l0cmHz*S/W is possible at 120K. 


Two types of improvements are possible: improvements in material 

parameters and Improvements in device design. The only material parameters 
which can be changed are the minority cairier lifetimes on the n- and p-sides. 
However, In the best (Pb,Sn)Te photodiodes the minority carrier lifetimes ap- 
pear to be limited by Auger recombination and so could not be improved. 

Some improvements In device design aie possible The equjtlon for 
for R^^A is: 



(R A) 



One way to increase R^A might seem to be to use higher dopant 
levels, since KqA u N^. However, for Auger-limited lifetimes, the lifetime 
decreases as N/^2, thus cancelling out the advantage gained by heavier doping 
unless the doping is such .is to make the material degenerate. For a (Pb,Sn)Te 
diode: 



where f is the Auger recombination coefficient. Tlius, no advantage 
gained by heavier dopant concentrations. 
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Figure 4.10 R A VS TFMPERATURE: (Pb,Sn)Te HETEROJUNCTION 


Tl»e other way to Increase R^A la the use of reflective back-side 
contacts. Reflective back-side contacts could be realized In a number of ways. 
Examples Include thin (Pb,Sn)Te films on a substrate such as BaF4 or epitaxial 
(Pb,Sn)Te on PbTe. In order for the full potentla’ of the reflective contact 
to be realized, the density of interface states c' surface states must be suf- 
ficiently low that minority carrier generated from the interface or surface states 
are fever than those which would be generated from within a diffusion length 
from the junction. Due to the relatively short Auger lifetime In n and In p-type 
(Pb,Sn)Tc, the advantage to be gained from the reflective contact is smajl. The 
diffusion length for (Pb.Sn)lc doped at l.OxlO^^cn"^ is 5?pm at 80K and 2 )ym at 
]20K; at least 8pm are required for collection of rignal. Therefore, the reflec- 
ting back-side contact results in less than a factor ot 7 improvement In R^A for 
(Pb,Sn)Tc at 80K and a factor of 3 at 120K. The improvement Is also shown In 
Figure A. 10. 

4.5.2 (Pb,Sn)Te Heterojunctlons 

(Pb,Sn)Te'heterojunctlons are fabricated by growth of an epitcixial 
(Pb,So)Te laver on a PbTe substrate. TTie PbTe substrate Is usually p-type 
with N. - 10^^cm“3; the epitaxial layer is doped or annealed to n-type Kd ~ 
3.0xl0l6cm“’. To calculate the heterojunctlon performance we assume that the 
electron affinities of PbTe and (Pb,Sn)Te are equal. As A >> A E-^ for a 
p-type PbTe substrate and an n-type (Pb,Sn)Te film. It Is assumed that the do- 
minant source of current is hole diffusion current. For a heterojunctlon. 


(R /.) 
c 


'V 


Jl 

kT 



N 

_££ 

N 

cn 


tan h 



3/2 3/2 16 

as Nc a M* ' a Eg , NepA'cN = °-27. for Np ~ 1x10 , L^, S 30pm 

at 120K. The distance b must be at least 8pn for signal collection; thus, 

the improvement from reflecting contacts is approximately a factor of 4. 


4.5.3 (I’b,Sn)Te Schottky Barrier Diodes 

The expression for R^A for a Schottkv barrier diode ls given in 
Section 4.6.5, The best (Pb,Sn)Te devices exceeded the limit for true Schottkv 
barriers. The metal work function was much greater than the band gap; thus, 
an Inverted region below the metal caused the device to behave more like a 
conventional p-n diode than a Schottky barrier. The limiting performance for 
a (Pb,Sn)Te Schottky barrier Is s)iown In Figure 4.11 for = Eg, wlilch is the 
maximum possible without inversion. The corresponding oper.itlng tenpurature 
for RoA - 0.01 Is lOOK, well below the corresponding opoiaixng iem,’c‘rature for 
p-n diodes. 


4-24 


77-1-6 


( uiD-u) V y 
C 


ORIGINAL PAGE IS 
OF POOR QU^U.iTV 

4-25 


77 - 1-6 








4.5.4 


Summary: (Pb,Sn)Te 


The optimum device design for elevated temperature operation for 
(Pb.Sn)Te Is the p-n photodiode, ilclther heterojunctions nor Schottky 
barrier diodes can achieve performance superior to p-n Junctions at elevated 
temperatures, although heterojunctions can obtain equivalent performance. 

The maximum operating temperature for a (Pb,Sn)Te photodiode with reflecting 
back-side contacts is 135K for D* = S.OxlO^cm UzVW at ^co “ 12>im. The ul- 
timate device performance is limited by high diffusion current due to a short 
Auger-limited lifetime; present devices approach this limiting performance. 

Thus, further Improvement in (Pb.Sn)Te performance at elevated temperatures 
Is unlikely. 

4.6 PERFORMANCE LIMITS FOR (Hg.Cd)Te PHOTODIODES 

In this section the limits for 12-hm (Hg,Cd)Te photodiodes at elevated 
temperatures are deterir.ired. Three types of devices are considered: p-n 
junctions, heterojunctions and Schottky-barrler diodes. The performance for 
12-Wn devices fabricated using presently available materials and device tech- 
nology Is calculated ard the performance possible with improved materials 
and improved device design determined. 

Due to the assymetry of the conduction and valence bands in iHg,Cd)Te, 
three device designs with different performance characteristics are possible: 
n- on p, n+ on p and p+ on n. We consider each device type. 


4.6.1 n- on p (Hg,Cd)Te Photodiode 

We consider first tlie device design presently used for wide bandwidth 
applications, ...e., a lightly doped (5xl0i^*cm"-^) n- layer on a heavily doped 
(lxl0^^cra~3) p-tvpc wafer. The depth of the junction below t le surface is 2lio, 
limited by the diffusion time and temperature. As the surface is doped n+, 
the front contact is effectively a reflecting contact with b >» 2jjtn. 

Figure 4.l2 .shows RqA as a function of temperature for both the n and 
p sides. Present devices are limited by the short recombination time in p-type 
(Hg,Cd)Te with Tg ^ 3xi0~®s. If the p-sJdc lifetime Is increased to the ra- 
diative limit, a factor of five Improvement In d'f fusion currt,nt Is possible. 

If the lifetime is increased to the radiative limit, the diffusion length on 
the p-side is increased to 200iJm for N'a “ 5xl0^^cm~3. However, only lO.jra are 
required for signal collection. Thus, a factor of 20 increase in KgA is possible 
with a reflecting back-side contact; this is also sho»/n in Figure 4.11. 

At elevated temperatures, however, the diffusion current from the n-side 
dominates. For a n-slde doped 1 OxlO^^cm"-, thu Auger-lirlted lifetime is 1.5i.s 
at 77K and 37ns at 160.K. * On the p-slde, doped ~ l.OxlO^^cm'^, the 
radiative-limited lifetime Is not strongly temperature dependent. 

I ■ ■ I , ,1 ^ 

* The n-sllc becomes Intrinsic above 12CK and at 160K n^ ” 7.5ylC cm 
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A. 6. 2 


n+ on p (Hg,Cd)Te Photodiode 


The n+ on p Is formed by Ion implant or diffusion of a n+ layer on 
a p-type wafer. As discussed in the previous section, the n4 doping concentra- 
tion ('l.OxlO^^ - 5.0xl0l8cn~3) renders *-*16 n-side degenerate. This results 
in an increased Auger lifetime c.nd lower minority carrier density on the n-side, 
thus substantially improving the performance at elevated temperatures. Ihe 
analysis of the previous section indicates that the device would be limited by 
diffusion from tae p-side. 

Figure A. 13 shows the calculated R_.A .as a function of temperature 
for a d^ode with an acceptor concentration Ny^ = S.OxlO^^cm"-*. The lowest 
curve is for a 30ns Shock! e> -Read limited lifetimes presently observed in p-type 
(Hg,Cd)Te. The electron diffusion length Is '3Awm, so reflective back-side 
contacts would improve RqA by a factor cf 3. If the lifetime can be improvec 
to the radiative limit, the operating temperature is increased. However, the 
diffusion length is Increased to 176um; use of a reflective contact can result 
in a factor of 18 improvement in RqA. Tnis is also shown in Figure A. 13. 

At temperatures below 150K the p-slde lifetime is ultlmateJy limited 
by radiative recombination. However, above 150K electron-electron Auger recom- 
bination becomes dominant and limits device pcrfcpnance (in p-type fhg,Cd^Te 
doped Na < 1.0xl0l®cn”^ electron-electron Augc; processes dominate hole-hcle 
processes; the Auger lifetime is given by the intrinsic Auger llfetlcre T^i). 

Thus, abo\e 150K the RqA of a n+ on p junction with reflecting contacts roils off 
rapidly due to electron-electron Auger piocesses. 

A device design using a more heavily doped p-side has somewhat better 
performance at elevated temperatures. For •= l.OxlO^^cm"^ the radieclve life- 
time is ~20ns, which is shorter Lhan t.ne Auger lifetime and snorter than Snockley- 
Read lifetimes observed on present p-fype (Hg,Cd)Te. Thus, the p-slde llfetire 
could be radlatlvely-llmlted over virtually the full temperature range up to 
190K. As the results of sections 2 and 3 indicated, for a p-n junction with 
reflecting contact United only by radiative recombination the RqA is Independanc 
of doping level. Thus, a n+ on p+ device deslgiv offers the best performance at 
elevated temperatures. .At tempc’-atures below 150K the performance is equivalent 
to the n+ on p design. Figure A.IA shows RqA as a function of temperature for 
a n+ on p4 design. 

A. 6. 3 p+ on n (Hg,Cd)T‘i Photodiode 


The p+ on n dcslj'n would be fabrlcat-id by Ion Implant ot .n ihni 
(loooX) p+ layer on an n-tyi>e wafer. The device Is very attractive at low 
temperatures for the following reason. Low carrier conrcr.tr,,- i ,n .-;-tj,'c 
(Hg.Cd)re displays 1 1 f o t ime s clo.se to the Auj.i r Imlt wliile la p-type the 
lifetime is shorter than the radiative limit due to a .‘>chocklsy-AenJ center. 
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rigure 4.14 R A VS TEM?li:R.ATURE: n-»- on p+ (Hg.CdjTc PHOTODIODE 



If a thin p+ layer were Implanted, the diffusion length in the p-typu material 
wouxd be restricted to the lOOoS iraplant depth a. d the p-side would contribute 
negligible diffusion current. Thus, no effort to improve the lifetime in p- 
type (Mg,Cd)Te would be required. At 77K, the diffusion-limited R^A for th<s 
device would be IS.OiJ-cm^. For Nq =■ 2xl0l^, the Auger lifetime is 6ys and the 
diffusion length is 30um. However, at elevated te-.peratures, higher dopant 
levels are required to maintain Nq ^ At 170K., for example, nf = l.OxlC^^ 

cm“3 and the Auger-limited lifetime for No = 2xlC’6 is 5ns. This results in 
a diffusion length of 80oX, much too short to collect the signal. Tlius, the 
device is limited bv the short hole diffusion length in n-type (Hg,Cd)Te at 
elevated temperatures. The maximum operating temperature determined by the 
necessity to have Lj, > 8pm Is 120K. The D* obtained at 120K would be 3.0x10^0 
cm Hz*i/W. Figure 4.15 shows R^A and diffusion length for a p+ on n structure. 

4.6.4 Heierojuncticns 

The fundamental advantage gained in using a heterojunction for (Hg,Cd)Te 
Instead of a homojunction is that one side can be made of a sufficiently wid 2 
bandgap that diffusion noise from that side is reduced to a small value. As the 
limiting factor in a p-n (Kg,CJ)Te homojunctlon could ultimately be diffusion cur- 
rent from the n-slde, the use of a wide bandgap n-slde would eliminate this limi- 
tation. The RpA for the dlffusif'n current in a heterojunctian with the wlde- 
bandgap side n-type is: 



and the generation-recombination limited R A is: 
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As the conduction-band density of states is proportional to , the 

ratio of tne densities of states is: 
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which is a small factor as long as the gaps on Che p and n side are not greatly 

different. Thus, the heterojunction theoretically offers R^A values equivalent 

to a p-n junction. The heterojui'ctlon would reduce n-slde diffusion current. 

n-slde diffusion current Is not thought to be a limiting factor In n+ on p diodes, 

but the uncertainty of Auger lifetime calculations In degenerate n-type (Hg,Cd)Te 

makes the conclusion tentative. Should n-slde diffusion current be a significant 

factor In improved n+ on p diodes, then a heterojunction would improve R A. 

o 

4.6.5 (Hg,Cd)Te Schottky Barrier Photodiodes 

The R A for a Schottky Barrier photodiode Is given by: 
o 

V ■ 

For a true Schottky barrier, 0^1 Eg. Figure 4.17 shows calculated R A 
versus temperature for a 12-v/m (Hg,Cd)Te Schottky Barrier. The best performance 
is with n-type (Hg,Cd)Te due co the low effective mass. The limiting operation 
temperature for D* = 8.0 x 10 cm Hz**/W is 135K. This is lower than either the 
n+ on p h^mojunctlon or the heterojunction device design. 

It Is possible to achieve higher R A by using a metal with a work 

o 

function such that > > Eg. Tnls results in an Inversion layer under the metal 
and the resulting device Is not a true Schottky barrier, but rather a p-n junction 
with the inverted surface strongly degenerate. 

The performance would be similar to the n+ on p diode for a p-type 
wafer or p+ on n for a n-type wafer. The Schottky Barrier diode thus offers no 
advantages over ordinary p-n diodes. 

4.6.6 Summary 

The analysis of the previous section has indicated that device design 
has a substantial impact on elevated temperature per form'nce. Six (Hg.Cc)Te 
device designs were considered: n- on p, p+ o:. n, n+ on p-r, heterojunctions 
and Schottky Bafier photodiodes. The n- on p and p+ on n designs were 'sund 
to have poor elevated temperature performance due to high n-slde diffusion 
current resulting from the short, Auger-llclted lifetime In n-tvpe (Hg,Cd)Te. 

By doping the n-slde Into degeneracy, the Auger recoir" inatlon mechanism is 
greatl, reduced In strength and the n-side diffusion current reduceu accordingly. 
Thus, device designs using a n+ doping offer Improved performance at elevated 
temperatures . 
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The n+ on p and the n-f on n+ design^ can achieve radlaclvc-llmited 
lifetimes and hence performance at the theoretical limit for quantum detectors 
at low and moderate temperatures. However, tc achieve radlatlve-limlted life- 
times above 150K the p-clde must be doped at = 1.0 x lO'^^cm”'’. Thus, only 
the n+ on p+ design Is capable of performance at the theoretical limit for a 
quantum detector at high (150K-200K) temperatures. Heterc junctions offer per- 
formance nearly equivalent to p-n Junctions. Only If the n-slde diffusion cur- 
rent In n+ on p diodes Is a limiting factor could he tero junctions offer improved 
performance. Schottky oariler photodiodes do rot appear to offer good elevated 
temperature performance. 


Present 12-pm (Hg,Cd)To photodiodes achieve performance considerably 
below the theoretical limit due to a short. Sc hockley-Read limited lifetime In 
moderately p-tvpe (Hg,Cd)Te. If the lifetime Is Imoroved, then use of reflective 
back-side contects can result In a substantial Improvement In B^A. Finally, 
for elevated (150-200K) operation the p-side doping level must be increased to 


N, ~ 1.0 X 
-A 


10^®cm~^ to achieve radiatlvely-lir.lted lifetimes. 
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Section 5 


PERF08MAKCE LTHITATIONS OF 8 TO 14 MICROMETER 
PHOTOCOKDLCTORS AT ELEVATED TEMPERATURES 


5 . 1 INTRODUCTION 

Photocondiictors Lave been used for several earth-sensing satellite 
applications In the 8 to 12-mlcrometer spectral region. These devices were necco- 
sarlly cooled by cryogens, to obtain high sensitivities. Cryogenic cooling, how- 
ever, rc<|uires large cocunltoients of space, power, and weight, all at a premium 
in spacecraft applications, and further-’ore limits the useful lifetime of the de- 
tector. Operation of photoconductors at non-cryogenlc temperatures, while main- 
taining hlgn sensitivity, would vastly increase their desirability and potential 
applications'; this has been a goal of infrared device research for years. In 
this section we explore the present anti ultimate limitations of photoconductors 
In the 8 to 12-mlcrometer region, with an eye to future high sensitivity, high 
operating temperature, nuiltielcment detector arrays. 

Two varlable-bandgop semiconductors, mercury-cadmium telluride (Hg,Cd)Te 
and lead-tin telluride (Pb,Sn)Te can be tailored to the 8 to 12-micromoter region, 
and so qualify as candidate materials. (Hg,Cd)Te has been used extensively 
as a photoconductor, while (Pb,Sn)Te has to dace been used ,.rlmarlly as a pnoco- 
dlode material; both will be fully examined as to high-temperature photoconductlve 
applicability. A model of photoconductors is developed in Section 5.2 and used 
both to predict theoretical limits, and to analyze present device performance. The 
materials are compared as to present and projected performance, and promising areas 
of research noted. 

5.2 MODEL 

A computer model was developed to predict the performance of photocon- 
ductlve detectors. Detectivity and power dissipation, as a function of operating 
temperature, were the calculated quantities of most Interest; resistance, lifetimts, 
carrier concentrations, and noise voltages were also program outputs. In formula- 
ting the model, the philosophy was to use the most general expressions available, 
to allow comparison on a common basis of various detector materials, carrier types, 
and doping levels. Wherever possible, quantities of Interest were calculated from 
fundamental material parameters (Section 5.3), rather than assuming values, to 
preserve the generality of me model. Lltetlmes are a good example cf this. Dif- 
ferentiation between the various detectort come about through inputs to the program, 
w.nlch include mobilities, Intrinsic carx'ie*' concentration, effective masses, cutoff 
wavelength, and doping level. 

The model nssumoa non-negenerate statistics are valid, this is the case 
for Che low doping levels commonly used In phococonductors . Trapping effects and 
Shockley-Rcad recombination, both of which depend heavily on the particular piece 
of material used, at not taken into account by the model. They are, however. 
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discussed In the text. With these qualifications, the model Is as follows. 

In order to be useful at any operating temperature, a device must 
have a high detectivity (D*)^). Tne defining equation for D*;^ is: 


Af/I^ (5.1) 

where these and all symbols used In this section are defined in Table 5.1. The 
noise current (1^) may come from several sources. .Tohnson or thermal noise due 
to the random thermal motion of chargd cairlers, is given by the familiar ex- 
pression: 



4 KT Af/R 


(5.2) 


Another mechanism, generation-recombination (g-r) noise, results from 
statistical variations In the rates of generation and recombination of charge 
carriers In the device. The carriers may be either thermally generated, or 
created by photons from the background. The expression for g-r noise Is: 


2 2 2 
I “ 4q G g Af 
gr 


(5.3) 


where g Is the generation rate, given by: 


g ' 


n P 

T (n+p) 


At 


(5.4) 


Here, n and p Include both thermal equilibrium and background generated carriers; 
the expression for g-r noise Includes both mechanisms. Other noise mechanisms, 
such as 1/f noise, and amplifier noise are not Included In the model, but are 
discussed later. 

The respcnslvlty (R^) Is In general: 


P •= q n A C/hc 


(5.5) 


where C is the photoconduct Ive gain factor, given by: 
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c 


(5.6) 


= T / ° T (y + y. ) v/i* 

It c h 

' d 

The two expressions for , based on the two noise mechanisms, can be 
defined; the limiting D*x being the smaller of the two. Equations 5.1, 5.2, 5.5 
and 5.6 lead to the expression for Johnson-limited D*Xt 


D*. 


n X T (b 4- ] I 

2hct(n b+o +i'. (b+1) ) 
o o b 


( 


£ w KT 


) 


(5.7) 


where the new symbols are power dissipation P •» V /R, and the mobility ratio 
b ■ ye/Wh* Equations 5.1, 5.3, 5. A, 5.5 and 5.6 give the g-r limited D*^: 


D* 

gr 


n A 

2 he 


T (n + ? + 2 n ) 
o o b 

T(n + n ) (p + n ) 

O D O D 


(5.8) 


The carrier lifetime T appears In both D*x expressions, and Is an 
extremely Important material parameter. It may be limited by any of several 
mechanisms: (1) Radiative recombination, (2) ‘vweep-out, (3) Auger recombination 
and (4) Shockley-Read recombination. 


(1) Radiative Recou.blnat Ion 

A general treatment of radiative recombination, found in Klnch, 
defines the radiative lifetime as: 


1 “ r B (n + p + n )] ^ 

r L o o b J 


(5.9) 


where 3 Is the capture probability. Assuming parabolic bands at k ■= 0, non- 
degeneracy, and a theoretical expression for the absorption coefficient, B Is 
given by: 


(1) Sweep-out 

With large enough bias on a device, the mlno-ltv cai rlers ray bo swept 
out V... the contacts and reromblne, whlrh llmlrs carrier lifctlr.es. (.Majority 
carrl.TS are also swept out to the contacts, but charge neutrality prevents them 
from recombining 1 aster than rhe minority carriers.) This swoepout is deperdent 
on the amblpolar drift mobll Ity , 
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n - p 
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(5.il) 


which Indicates no sweep-out will occur In Intrinsic material. The tine for a 
carrier to be swept out by the electric field E is then: 


(5.12) 


(3) Auger Recomblmrlon (Band-to-Band) 

Due :o the different band structures of (Hg,Cd)Te and (Pb,Sn)Te, each 
has a different expression for Auger lifetime. 

(Hg.Cd)Te : 

Depending on the type and doping of the material, either electron- 
electron or hole-hole collisions may dominate the Auger recombination process. 
Taking Into account both these phenomena, Blakemnre gives: 


o o 


\ ^Ai ^Ai / 


(5.13) 


where is the Auger lifetime In Intrinsic materit.. for electron -electron 
processes , 

7.56x10 + y)**(l + 2p) exp 

^Ai “ TTIWZ 1 . . ,2 /m *\ (5.14) 


and Is the intrinsic lifetime for hole-hole collisions, arrived ar by Im-or- 
changing and mj^*/raQ In the expression for Here u = m£,*/nj;* is the 

effective mass ratio, and Kj and rre overlap integrals of the pericdic part rf 
Bloch functions for the conducllon and valence bands. Thene overlap integrals 
can only be approximated theoretically, and as Klnch^'^ points out, limit the cal- 
culation to order-of-.iagnl tilde accuracy. Experimental lifetime data has been 
obtained by Xlnch et al and Is used to determine |F]^'’ 2 l 
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(Pb.Sn)Te 


A calculation of the ^uge^ llfetlee In (Pb.Sn)Tc has recently been done 
by Emtage.^'^ He derives the following expression for n-type material: 



N 



(5.15) 


where: N number of cor duct ion band valleys 

N' ° nu.Tiber of valence bands that each conduction band can scatter into 


° longitudinal effective mass 

m = trarsverse effective mass 
t 

r • tn /m ~ 0.1 

t Jw 

Using values of T «• 77° and E^, = 0.1, he obtains 1 ‘ ^ = 5x10 n^. 

Incorporating the dependence m* “ ^ , the following expression for any tempera- 
ture and bandgap is found: 


2x10 


25 



-2 


(5.16) 


The conditions on the validity of the calculation arc r « 1 and KT/2r£j, << 1. 

For (Pb,Sn)Te, r « 0.1, so the first condition is probably true. However, for 12Ua 
material at 180K, KT/2rEj. >= 0.78. This leads one to expect only order-of-magnitude 
accuracy for the calculation, making Auger lifetime a critical point in tne model 
for both (Pb,Sn)Te and (Hg,Cd)Te. 

The effective lifetime (t) of the carriers is limited by the shortest 
of the three mechanisms: 


1 

T 




(5.17) 


Other effects, such as Shockley-Read recombination, are not specifically 
included in the model, but arc considered in evaluating its results. 

One noteworthy aspect of the model is the use of an energy gap value 
which remains constant with temperature, whereas an actual device has a tempera- 
ture-dependent bandgap. Tr. i reason is straightforward: this study deals with 

the performance of devices with a particular cutoff wavelength (11.5ym was chosen). 
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operating at various temperatures. Therefore, it mi.st be kept in mind that the 
predicted curves of D*x versus temperature represent the locus of detectors 
operating with a specified cutoff (hence, energy gap), rather than any particular 
device, which would have a different cutoff for each temperature. 

An alternate version of the program was also prepared, which accepts the 
x-value in rather than the cutoff wavelength, as an 

input. Expressions for the energy gap as a function of x and temperature are then 
used to calculate the cutoff wavelength as it changes with temperature. This 
version, which models the behavior of particular devices, xs used in evaluating 
measured data from present-day detectors. 


5.3 KATEPIAL PARAMETERS 


Values of the material paremeters used in the mode] are presented 
in Table 5.2, with references. The table is self-explanatory, with the exception 
of the expressions for mobility. Mobility values used in the model are fits to 
experimental data, rather than purely theoretical calculations. In this it is 
believed that device performance will be laore accurately predicted. -Theoretical 
expressions for mobility do^nct fit the data over a substantial range of temnera- 
tures (see Scott's an.ilysis ' of electron mobility in (Kg,Cd)Te, wnilc experi- 
mental mobility data are generally available. The origins of the expressions for 
mobility in Table 5.i are discussed below. 


(HgCd)Te Mobility: 


The electron mobility in (Hg,Cd)Te as a function of temperature and 
composition has been measured by Scott. A good empirical fit to his data, for 
X “ 0.20, is given by: 


U 

e 

b 

e 


7.73x10 T 
3.3x10^ 


55 < T < 300 
T < 55 


(5.18) 


with 1 given in K. 


Direct measurements of the aole nobility versus temperature in x = 0.20 
(Hg,Cd)Te are not available; consequently, the hole mobility is arrived at from 
th electron mobility and the nobility ratio b We/Wh* The best measurement of 
b available com'" from the data of Emmons and Ashley^ on 77° minority carrier 
sweepo’jt in Hgo gCdo,2T'e- They find % * 700 cm^/volt-s, but do not measure be> 
From Scott's data on material like that used bv Emmons and Ashley, be ~ 1.7yl0' at 
77°, yielding b ■ 240. This value compares favoraoly w'th the value b 200 
found by Reynolds^'® at 77°, and b « 100-200 in the 7’°-100°K range found by Tasch, 
et al,^'® both for x = 0.20 material. 
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MATERIAL PARAMETERS 
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(Pb.Sn)Te Ability; 


Because of the band structure synanetry in (Pb,Sn)Te, hole and electron 
nobilities will be equivalent, for the same temperature and carrier concentration. 
An expression for the mobility as a function of temperature, carrier concentra- 
tion, and energy gap has been derived as follows: The temperature dependence 

has been experimentally found^'lO to closely follow the relationship predicted by 
phonon scattering; namely, p “ T“5/^, for temperatures of interest. The depen- 
dence of the mobility on carrier concentration has been found by Zoutendyl^'H to be 
Pe, t'h a p“2/3, for T • 770 and x • 0.20. The dependence of the mobility 

on the bandgap is not available for (Pb,Sn)Te; this functional relationship, which 
should be similar to that for (Hg,Cd)Te, was consequently derived from Scott 's^'^ 
(Hg,Cd)Te data. From this source one obtains p versus x, which can be directly 
transformed to p versus Eg. Collecting these functional dependences, and fitting 
Zoutendyk's curve for x “ 0.2, T • 77K, we obtain: 

. /_ \ -5/2 -2/3 

p^,h - 1.16 X 10 exp [-6.91 (Eg - 0.1)] 

' (5.19) 

21 —5/2 —2/1 

- 1.207 X 10 T ' (n, p) exp [-6.93 Eg] 


Measured data at low carrier concentrations and temperatures reveal the limits of 
this expression. No mobilities above 3 x 10^ are reported, and Kelngallls and 
Hannan see nearly constant mobilities at this level, for low carrier concentrations. 
A saturation at Pg^j^ = 3 x 10^ 1b, therefore. Incorporated in the model. 

5.4 PEIIFORMANCE OF PRESENT 8-14pm PH0T0r;0NDUCT0RS 

5.4.1 N-Type (Hg.Cd)Te 

Currently available n-type (Hg,Cd)Te photoconductors operate near the 
theoreti.cal limits for detectivity; a representative case is presented in 
Figure 5,1.^'^^ Measured D* values for a 12-element linear array at 105K are shown, 
along with the theoretical D* curve calculated using the material parameters of 
the devices (x ■ 0.20, Nq-N^ =• 2.7x10^^, Area ^ 5x5 mils). Note the uniformity 
achieved over 12 elements. The quantum efficiencies of the devices were not mea- 
sured, so curves are Included for both the ideal case, and a more realistic 
n •• 0.7. Measured values are within a factor of two of the calculated limits, 
Indicating lifetimes close to the theoretical expressions. Assuming these devices 
follow the calculated temperature dependence, the best of them should reach the 
8x10^ D* level at 126K. 


Higher temperature data is also available, this time for a single 
element detector. Operating under a reduced field of view (110°), the device 
obtaineo D*;^ “ 2.6x10^0 at 120K. This corresponds to a D*\ under full field of 
view of 1. 7xl0l^, very near the calculated limit for 120K operation. In addition 
to near-theoretical D*, the device had the small area (4x4 mils) required for 
large array applications. Apparently very little development is necessary to 
approach the ultimate performance limits for n-type (Rg,Cd)Te in thl*: elevated- 
temperature application. 
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5.4.2 


P-Type (Hg,Cd)Te 


Very little data exists on p-type (Hg,Cd)Te photoconductors. Histori- 
cally, low carrier concentrations were obtained only In n-type; hence, develop- 
nent efforts concentrated on It. However, recent research by Stelzer and Schinlf^'^^ 
has produced rather low carrier concentrations In p-type material (Pq ~ 10^^cm“3), 
and exploratory development of photoconductors Is Just getting underway. 

To date, only devices with x ■ 0.365 (Xco “ 3.4jjm at 200K) have been 
fabricated.^' However, an understanding of the processes limiting performance 
in 3-mlcrometer material is useful in predicting 12-mlcrometer device performance. 
The fabricated devices, with p^ " 3xl0^6cm~3, were simulated on a computer, using 
the model of Section 5.2 and physlca’ parameters reported for the devices. The 
results of the calculations are presented In Figure 5.2, with the data points. At 
77°, the measured D* la near the predicted g-r limited value. Indicating a nearly 
theoretical lifetime (the model Indicated radiative recombination Is the dominant 
process over the Illustrated temperature range). Ac 3C0 K, Johnson noise limits 
the D* for the bias used; the measured value Is again close to the calculated 
value. This agreement with theoretical D* values Is rather remarkable, consider- 
ing the first-shot nature of the work, and demonstrates Che high quality of the 
available p-type material. Further development will be expected to raise the 
p-cformaiice even closer to the Ideal limit. 

In this preliminary study, noise In the detector was found to be constant 
for bias currents leas than 0.5 mA; above this value, a super-linear Increase In 
noise with increasing bias was observed. Attributed to electrical contact problems 
by the authors, the problem will require further work. 1/f noise below 1 kHz Is 
another non-ideal characteristic of the devices, but this little-understood 
source of noise is one common to ph'>toconductors. 

The work to data on x «• 0.365 (X^o “ 3.3ym) material looks encouraging 
for the development of x = 0.2 (12ym) devices. Good material with x “ 0.2 l.ar, 
been grown, although lifetimes have generally been snort, 20 ns for the best 
Further development work is called for, especially on the source of the short 
lifetimes. 

5.4.3 (Pb,Sn)Te 

Although principally used as a photodiode material, (Pb.Sn)Tc has been 
fabricated Into photoconductlve detectors by several researchers.^' "3.17 
it has not been specifically employed for elevated temperature operation; detectivity 
data is available only for 77K and lower. T- general, these devices have been of 
substantially lower performance than either (Pb,Sn)Te photodiodes or (Hg,Cd)Te detec- 
tors of either mode. Understanding the performance limiting mechanisms is a pre- 
requisite to fabricating (Pb,Sn)Te devices for Mgn temperature operation. 
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One of the most serious problems with the material has been the diffi- 
culty of obtaining low carrier concentrations. (A low carrier concentration Is 
necessary to produce high resistance, and hence, low thermal noise current. This 
constraint Is much less severe for photodiode applications, where the junction 
reslstence dominates.) As-grown material is typically In the lC^^cm-3 range; 
various annealing procedures are used to reduce this value. Lowering the concen- 
tration below lOl^cm"^ la extremely difficult by simple annealing, however; the 
reason Is apparent In Figure 5.3, reproduced from reference 5.17. The range of iso- 
thermal annealing temperatures for low mobility is so minute as to be nearly un- 



Flgure 5.3 CARRIZR CONCENTRATION VS ANNEALING TEMPERATURE 
FOR ISOTHERIIAL Te-RICH ANNE.ALING OF 

,„FILMS. FROM REFERENCE 5.17 
0.80 0.20 

Different annealing procedures have been used to gel around this: 
Melngallis^'^^ achieved 2 to 8x10^ concei.tratlons in bulk crystals, using a very 
long (60 days) two-temperature annealing process; Logothetl.'?^’^^ reports concentra- 
tions of 3.9x10^^ in epitaxial (Pb,Sn)Te, after annealing In the presence of metal- 
rich bulk material; sputtered films of high quality have recently been reported^.H 
with lOl^cia"^ effective carriers, when deposited In the presence of gaseous addi- 
tives. Thus, it is presently possible to get falrlv low carrier concentrations, 
with substantial effort, although not as low as that achieved in (Hg.Cd)Te ('lOl^). 
As the elevated temperature performance is critically dependent on carrier con- 
centration, this is one of the major factors currently limiting device performance. 
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Another aerlous problem has been abort effective carrier lifetimes, which 
lo*;er D* well below the cheo’*etlcal limits (Johnson noise limited D* Is propor- 
tional to the lifetime T, while the g-r limited D* Is proportional to T*5). Life- 
time data was obtained by Melngallls^*^^ f®*” Bridgman-grown and annealed single 
crystals; this oata is compared to theoretical calculations of the lifetime (using 
the mooel of Section 5.2 and Melngallls* device parameters) in Table 5.3 


TABLE 5.3 

COMPARISON OF MEASURED AND CALCULATED 
LIFETIMFS IN (Pb.Sn)Te PHOTOCONDUCTOR 


Temp. 

(K) 

Measured 

%ff 

Radiative 

Lifetime 

Auger 

Lifetime^* 

Sweepout 

Lifetime 

77 

1.5x10"® 

1.3x10-6 

1.0x10-6 

1.3x10*5 

198 

3x10"® 

1.2x10“6 

1.6x10*7 

5.3x10*5 

300 

4x10*® 

4.2x10"7 

7.4x10*9 

3.6x10-3 


It la seen from Table 5.3 that none of the calculated mechanisms 
account for the observed lifetimes, at least below 300K. Melngalll*- attributes 
the short lifetime to dislocations and other crystal Imperfections (providing 
Shockley-Read recombination centers) and it appears chat the problem with imperfect 
material ..i widespread. Logothetis estimates llfetin'='s in the range 10"® to 30"^s 
at 77K from responsivlty values; the General Dynamics group found T < 7xl0“& at 
77K, although this Is an upper limit imposed by the measurement equipment. Thus, 
Shocklay-Reaa processes are apparently dominant at elevated temperatures In the 
material currently produced. Tha exact mechanism Is not well understood by any 
means, and the road to a solution Is not clear. 

Poorly understood noise processes are alsc a problem In (Pb,Sn)Te. 

Both Melngallls ^.15 ,<nd Logo the tls^*^® report a noise component which increases with 
bias, and decreases with frequency. Logothetis Interprets this as a contjct 
noise and has determined Che frequency dependence as (frequency)"**. The General 
Dynamics groups also reports an excess noise, neither Johnson nor g-r in origin; 
it follows a 1/f dependence up to a breaKpolnt In the 1-10 kHz region, after which 
the noise spectrum is flat. Although contact problems are suspected, the exact 
source of these noises are uncertain. They do provide limitations to device per- 
formance at low frequencies, and at moderate to high biases. 




5-14 


77-1-6 


I 


. e »r!^ 


The beat reported performances for (Pb,Sn)Te photoconductora In the lonp 
wavelength region are summarized In Table 5.4. It must be noted that the D* 
values are for 77K; at elevated temperatures the detectivity would be significantly 
lower. The problems which limit good performance-high carrier concentration, short 
lifetimes and poorly understood noise processes, are ones which would require a 
substantial effort to solve. If a solution Is possible. Thus, (Pb,Sn)Te is clearly 
tmsultable for photocanductlve operation at elevated temperatures In Its present 
state of development. 


TABLE 5.4 

PRESENT-DAY PERFORMANCE OF (Pb,Sn)Te PHOTOCOOTUCTORS 




Cutoff 





Wavelength 

Temperature 

A 

(cm watt ^/Hz**) 

Ref. 

Material 

(K) 

(K) 

5.15 

Bulk single 

11 

77 

3x10® 


crystal 




5.16 

Epitaxial 

10.8 

77 

6.6x10® 

5.17 

Sputtered 

.19 ,, 

77 

5.4x10® 


5.5 LIMITATIONS AND ULTIMATE PERFORMANCE 


To evaluate the ultimate performance limits expected for photoconductors, 
and to discuss the sources oi problems In present-day devices, the model of 
Section 5.2 was employed. The (Hg,Cd)Te and (Pb,Sn)Te of both n and p-types were 
examined, varying parameters such as carrier concentration and bits to obtain the 
optimum performance at high temperatures for each material. 


Several parameters of the model were given standard values through all 
the computer runs, either to fit the desired application of the devices, or to 
provide a uniform basis for comparison between the different materials. A simple 
device structure was assumed; (shown In figure 5.4) the cutoff wavelength was 
11.5Um; Individual elements were /*x4 mil for array applicatlo.is; the material 
thickness, which should be minimized for good D* while still large enough for 
good quantum efficiency, was 5lim; quantum efficiency was 1, as best possible case. 

A D*;^ of BxlO^cm Hz*^/W, was adopted as the minimum detectivity of Interest. The 
density of background generated carriers (nj,) was computed from the expression 
nb “ Tri Qg/t, where Qg Is the photon flux from a 300® background, and T Is the 
lifetime necessary to produce a D* of 8x10^. All other parameters are as described 
In Section 5.2 or input as variable parameters. 
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I 5.5.1 N-Type (Hg.CdlTe 

The determination of optimum device performance Is complicated by the 
dependence on bias and doping. These dependencies are displayed in Figures 5.5 
• and 5.6. It is readily seen that doping levels should be mlniml/:ed for highest 

D*, but the dependence on bias is not so straightforward. For maximum detectivity, 
the Johnson-limited D* should be boosted above the g-r limited D* by increasing 
the bias. However, excessive bias results in sweepout of minority carriers, which 
causes a decrease in D*. In addition, power dissipation is proportional to the 
square of bias. As these detectors are to be used In large arrays, power dissipa- 
tion must be kept to a minimum. The optimum performance at elevated temperatures. 
In terms of high operating temperature, high D*, and low power dissipation, is 
obtained as follows; the bias la adjusted to have the Johnson D* above the g-r D* 

• up to the point at which D* ■ 8x10^, and no further. In Figure 5.5 for example, 

the optimum bias would be approximately 30 mV, giving the highest operating 
temperature with minimum power dissipation. 


In Figure 5.7 are shown the optimum elevated-temperature performance 
curves for several material dopings. The critical dependence on carrier concen- 
tration is evident. From these curves, several conclusions can be drawn; 

o 

1. The maximum operating temperature for a D* of 8x10 is 139K. 

This is limited by the intrinsic carrier concentration of the 
material. 

2. The material in intrinsic above lAOK for dopings of 3x10^^ or 
less; hence, very low carrier concentrations are not necessary 
for highest temperature performance. 

3. At dopings much above 5x10'^ , It is impossible to achieve D* = 
8 x 109, no matter what thi temperature. 


The upper limit of 139 K on operating temperature would seem to be a 
rather firm one. The limiting value here is the g-r D^, which is given by; 


D* 

8-f 


, J (n +p +2n ) 
n X ^/t 0*^0 b 

2 he I t (n +n ) (p +n ) 
o D Ob 


Examination of the equation reveals that all parameters are either 
fixed or cannot be Improved upon, save possibly the lifetime. The calculated 
lifetimes are shown In Figure 5.8 for the best-case detector; Auger lifetime 
is seen to be the sole Important one at elevated teEperatu.es. As noted In 
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Secf*or 5,2. calculations of Auger lifetime are somewhat uncertain due to ap- 
proximated overlap Integrals. A factor of 4 uncertainty in the value of 
produces a factor of 2 variation In 0*gr; this results In a possible spread of 
129-149° In the maximum operating temperature. Because the amount of uncertain- 
ty In Is unknown, the calculated values will be referred to from now on with 
no error bar analysis attached; however, this possible factor should be kept In 
mind . 


An Improvement In llfetlmi could come from trapping, which has been 
observed In n-type (Hg,Cd)Te. Ho»*iiver, it has always been at temperatures of 
80 K and lower, and there Is no evidence to suggest a trapping mechanism opera- 
ting as high as 140 K. This operating temperature is then the most reliable 
maximum available, based on theor> for 8x10^ D* performance in n-type (Hg,Cd)Te. 

5.5.2 P-Type (Hg,Cd)Te 

The situation In p-type (Hg,Cd)Te is not analogous to that In n-type 
due to asymmetry In the energy bands. Because of this asymmetry, the Auger lifetime 
In p-type can be much longer than In n-type at low temperatures. In Figure 5.9 
calculated Auger lifetimes for 10^^ cm~^ doped material of both types are shown, 
illustrating the advantage in p-type. Since the Auger lifetime Is dominant at 
elevated temperatures (see Figure 5.10 for a representative case), higher D* 
values can theoretically be achieved In p-type, and hence, higher operating tem- 
peratures. 


In Figure 5.11 are displayed D*gr versus T curves for different p-type 
dopings. Consider the behavior of the curves as the doping Is Increased. As ex- 
pected, the maximum D* for each curve decreases with increased doping. However, 
anotheref feet is observed; the point at which the exponential decrease In D* 
begins is shifted to higher temperatures. The result is a D* advantage for 
higher dopings, at elevated temperatures. Contrast this with the behavior of n- 
type material (Figure 5.5) in which the higher doped material never exceeds tne 
performance of the lower. Therefore, Increasing the doping reeults in progres;slve- 
ly higher operating temperatures, until the lowering of peak D* with temperature 
becomeo dominant, dropping the curve below the minimum acceptable level. 

This behavior defines a maximum operating temperature. The optimum doping for 
high temperature operation In (Hg,Cd)Te is = lO’^; this doping allows an 
operating temperature of 149K for a D*> for 8x109. 

The noticeable dissimilarities in the D* behavior of n and p-type mate? lal 
are due to the Auger llfetlire. A plot of the versus temperature curves for 
various doping In p-type (Figure 5.12) reveals the same advantage of higher doping 
levels at elevated temperatures seen In the D* curves. Similarly, for the case of 
n-type, the D* curves reflect the advantage of low doping levels, at all tempera- 
tures, found In the curves of Auger lifetime (Figure 5.13). These lifetimes are 
quantitatively and qualitatively different because hole-hole interactions are the 
dominant process In p-type material, while electron-electron processes determine 
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tne lltetlme In n-type; the great difference In etfectlve masses makes the pro- 
cesses involving holes much less Trequent. This Is an Inherent feature of (Hg,Cd)Te, 
and one that makes p-type material attractive for elevated temperature applications. 

Another asymmetry of (lIg,Cd)Te, the large electron-to-hole mobility ratio, 
makes minority carrier sweepout a nore prominent process In p-type material, as 
seen In Figure 5.10. The bias can then be critical; too much will make the device 
sweepout rather than Auger lifetime limited, while too little results in Johnson 
rather than g-r noire limitation. Either case may give a significant decrease in 
operating temperature. This is Illustrated In Figure 5.14, where changing the op- 
timum bias of ICO mV by a factor of two In either direction results In a decrease 
of peak D*. This dependence Is only crucial for dopings of 10^^ and higher, how- 
ever, where the lifetime can be dominated by sweepout at elevated temperatures. 

For lower dopings, sweepout la restricted to low temperatures, and is not a factor 
over relatively wide ranges of bias. 


The main obstacle to theoretical performance In x ■» 0.2 (Hg,Cd)Te is the 
carrier lifetime at the present time. Lifetimes better than 40 ns have not been 
measured in the mace.ial; this lifetime is Independent of the temperature. Such 
behavior points to Shockley-Read recombination, due to crystal Imperfections or 
other recombination centers In the lattice. At present the problem Is poorly 
understood, and basic research needs to be done here to discover the exact cause of 
the short lifetimes. Until this problem Is solved, the high operating tercper&tures 
predicted by theory cannot be achieved. Figure 5 15 shows a theoretical curve of 
D* versus T for a device with a constant 20 ns lifetime, and doping of lOlSj this ts 
the performance to be expected from current material. 

5.5.3 (Pb,Sn)Te 


Effective masses and carrier mobilities for holes and electrons are the 
same In (Pb,Sn)Te, due to the symmetry of the electronic energy bands. This implies 
that neither n nor p-type has an Inherent advantage as a photoconductor; the be- 
havior should depend only on doping. The results of the model then apply equally 
well to n or p-type material. 

The best calculated high temperature performances for a range of dopings 
are shown in Figure 5.16. These are the curves for devices operated at a sufficient 
bias to make gr noise greater than Johnson noise. Several points are worth noting 
for the graph. 


1. The maximum operating temperature for (Pb,Sn)Te photoconductors 
Is 180K; this limit la Imposed by the intrinsic carrier 
concentration. Material doped 2x10^^ or less is intrinsic 

at this temperature. 

1 s *1 9 

2. For a doping of 1.0x10^ cm”^, D* = 8x10 is achieved at 176K. 

5-28 


77-1-6 




(cm HzVw 



TEMPERATURE (*K) 

PiRurc 5.15 CALCULATFD PERFORMANCE OK p-TifPE (Hg,Cd>Te 
PHOTOCONDUCTORS CALCLLATED FROM T - 20 ns 


5-30 


77-1-6 








[ 


I 


3. The desired D* cannot be obtained at any temperature for 
dopings much greater than 5x1015, 

An ability to achieve high operating temperatures In (Pb,Sn)Te therefore 
binges on obtaining low carrier concentrations. 

Analysis of the calculated llfetines reveals all three lifetime pro- 
cesses are important in these devices. Figure 5.17 presents the lifetimes for 
a device doped 10l5cjn-3, which seems to be the lower liir't of current technology, 
operated at an optimum bias. Sweepout is Important here, as in p-type (Hg,Cd)Te, 
due to Che high minority carrier mobll.ty; again the bias is critical in avoiding 
either sweepout or Johnson limited operation. 

Auger recombination la the dominant process at temperatures above 160K, 
Since the assumption KT/2rEg « 1 used in deriving at ta becomes questionable in 
this temperature region (KT/2rEg 0.63 at 160K), some degree of uncertainty in 
the calculated value ta Is present. It Is expected that this variation would not 
be large; since D*gj. Is proportional to and the D* versus T curve is steep in 
this temperature region, the effect on operating temperature should be minimal. 
Examination of the model reveals all other parameters are firm, so 176K should be 
a reliable theoretical limit on operating temperature for this material. 

How close to the calculated limits can one hope to come in practice? 

As noted earlier, carrier concentrations near 10^^cm~3 are necessary for the 
best performance; with a large amount of work, this should e^'entually be obtain- 
able. Low carrier concentration must be coupled with excellent crystallinity, to 
obtain near-theoretical lifetimes. To date, this combinatlca has not been achieved, 
lifetimes in lightly doped material are an order of magnitude or more shorter than 
calculated values. Quantum efficiency is another important consideration. The 
ideal quantum efficiency of 1.0 used in the model will not be achieved Ir practice, 
although antlreflecLlon coatli . give some Improvement; since D* is directly pro- 
portional to n, this factor could be significant. The steep slope of the D* ver- 
sus T curve, for Intrinsic material, indicates that any factor, affecting D* will 
have a large effect on the maximum operating temperature. A 50% decicase in D'^ 
below the ideal limit, which could come from quantum efficiency, for ixanple, .rould 
prevent 10^5 material from reaching the desired D* at all. A factor o.' 3 redaction 
in D*, which could easily cone from non-theoretlcal lifetimes, would lover the 
operating temperature of 10l^‘ meter lal from 180 to 153K. The conclusion is this: 
high temperature operation of (Pb,Sn)Te photoconductors is highly unlikely with pre- 
se.it scate-of-the-arc technology. 


5-32 


77-1-6 


LIFETIME (Second 


= 30 mV 


DIOS 



60 80 100 120 140 160 180 200 

TEMPERATURE 

15 -3 

Figure 5.17 CALCULATED LIFETIMES FOR 10 cm DOPED (Pb,Sn)Te 


OKIGIKALPAG^ 

OF POOR QUAL-IIxi 


77-1-6 


5-33 



5.6 


OTHER LIMITATIONS 


Several other considerations, not specifically included in the photo- 
conductor model, may provide constraints on the selection of a detector. These 
include 1/f detector noise, amplifier noise, power dissipation, and constraints 
Imposed by incorporation with a CCD for signal processing. 

5.6.1 1/f Noise 

This problem has been mentioned in the preceding discussions of (Hg,Cd)Te 
and (Pb,Sn)Te present-day devices. As noted, it Is a poorly-understood noj.se 
problem present in all photoconductors. Phenomenologically, it is a bias-dependent 
detector noise which depends on frequency as As the frequency Increases, 1/f 

noise is eventually lost under the g-r noise; which is constant with frequency. 

The frequency at which 1/f and g-r noises is equal is called the 1/f comer fre- 
quency Then 1/f noise can be modeled as (fjj/O** '^g-r* 

For the present-day (Pb,Sn)Te and p-type (Hg,Cd)Te devices discussed 
earlier, f is usually in the 1-10 kHz neighborhood. Because this phenomenon is 
common to Setectors made from both materials. It constitutes no real criterion for 
discrimination between them. It must be kept in mind, however, that D* will be 
degraded for low frequency meas jrements . 

5.6.2 Amplifier Noise 

In the preceding analysis, the effect of noise in the amplifier associated 
with each detector has been ignored. In a real system this must be taken into 
account, because the signal-to-nolse ratio may be limited b> amplifier noise rather 
than the device itself. Impedance matching between the amplifier and device must 
also be considered, because device Itpedance becomes quite small at elevated tem- 
peratures. 


State of the art low-noise amplifiers operate at about 0.5 nV/>^, and 
are built to match Impedances from 50 ohms to several thousand. Amplifiers can 
be built to match impedances of less than 50 ohms, but these are not in common 
usage. Currently produced photoconductors , operated at cryogenic temperatures, 
have higher Impedances, so there has been no real need for low- Impedance amplifiers. 
There is no fundamental principle prohibiting them, however, they would require 
high power dissipation. For the devices in this study with the best theoretical 
performances, the impedance can generally be matched with present-day amplifiers 
Curves of impedance vs temperature are plotted in Figure 5.18, for selected devices. 
The (Hg,Cd)Te devices of both n and p types fall into the desired impedance range, 
for all temperatures up to and Including their maximum operating temperatures 
(139K for n-type, 149K for p-type). The *Pb,Sn)Te devices would require the develop 
ment of new amplifiers for operation above 155K, but the impedance drops only tr. 

25 ohms, which should offer no serious problems in amplifier design. Impedance 
matching is, therefore; not a critical area in neveloping elevated-temperature devices 




The other area of concern is absolute noise levels in the system. To 
realize maximum performance, the noise voltage of the device (g-r plus Johnson 
noise) must exceed the noise voltage of the amplifier. In Figures 5.19-5.21 are 
plotted the noise volcages vs temperature, from which It Is seen that In all 
cases the device noise exceeds amplifier noise. This holds true for all those 
devices studied in which the desired D*^ of 8x10® is achieved. For higher carrier 
concentrations (approximately 10^^ in (Pb,Sn)Te and n-(Hg,Cd)Te, and 10l8 in p- 
(Hg,Cd)Te, amplifier noise does dominate device noise, but at these concentrations 
the detectivity Is very low. Devices of Interest are not limited by amplifier noise. 

Amplifier noise, however, must be added in with other noise mechanisms 
to determine the effective D*;^ of the device. The results of this added noise 
are seen in Figure 5.22, and tabulated below. 


Carriet Maximum Operating Temp. 


Material 

Concentration 

Without Amp. 

With Amp 

n-(Hg,Cd)Te 

IqI^ cm”-^ 

139 K 

136 K 

p-(Kg,Cd)Te 

10^® 

149 

147 

(Fb,Sn)Tc 

10^^ 

176 

169 


The effect of D*X is not major; operating temperature is merely lowered 
a few degrees. Amplifiers do not, therefore, present a problem in developing 
elevated temperature photoconductors. 

5.6.3 Power Dissipation 

Power dissipation becomes an Important criterion for large trrays of 
detectors. Insofar as resistive heating places extra demands on the array cooling 
system, and available power may be at premium in non-laboratory settings. The ex- 
pression for power dissipation per element is as follows: 

P •= (y^n + Uj^p) 

In the calculated model, physical dimensions I and w are assumed equal; 
t is the minimum value necessary for good quantum efficiency, and q is tne electron 
charge. Power dissipation is then a function of the bias V, mobilities Pe and tj,, 
and carrier concentrations n and p. In general, carrier concentration is constant 
at low temperatures, as the Material doping dominates the Intrinsic carriers, then 
rises exponentially with temperature (for majority carriers) as the naterlal goes 
intrinsic. The mobility generally decreases evpor.entlaily v’.th temperature, from 
a roughly constant level at low temperatures. The temperatuje dependence of power 
dissipation is, therefore, not a simple function. Representative calculated cur'/es 
for the beat device of each material type are found in Figure 5.23. 
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Calculated power dissipations for selected devices are presented In 
Table 5.5. The devices In the table are generally those which give the highest 
operating temperatures for the materials under study. The power dissipation 
listed is at fhe maximum operating temperature. 


TABLE 5.5 

CALCULATED POWER DISSIPATION FOR SELECTED DEVICES 


Material 

Doping 

(cm“-^) 

Bias 

Mi 

Max Operating 
Temperature 

Power dissipation/ 
Element (uW) 

(Pb,Sn)Te 

10^^ 

30 

176 

32 

(Pb.Sn)Te 

10^^ 

10 

167 

2.8 

p-(Hg,Cd)Te 

10^^ 

100 

149 

56 

p-(Hg,Cd)Te 

10^^ 

30 

145 

6.2 

n-(Hg,Cd)Te 

10^^ 

50 

139 

34 

ii-(Hg,Cd)Te 

10^^ 

20 

134 

4.7 


The table shows power dissipations for the best devices of each material 
type (In terms of operating temperature) are all in the range 30-60 pW/eiement. 
However, a roughly one order of magnitude decrease in po^er dissipation Is possible 
without substantial loss of operating temperature, if the bias is divided by 3. 

This loss In operating temperature may be quite acceptabl'j, depending on the par- 
ticular application of the device. For a 1000-element arisy, the dlfierence bet- 
ween 4 and 40 mW of power Is considerable In terms of the rystem design. 

5.6.4 Interface With CCD 

The future of Infrared detection seems to be In lirge arrays of detec- 
tors, utilizing charge coupled devices for signal processing. The limitations Im- 
posed by interfacing with CCD's are Chen a major conaideratlo.x in choosing a 
detector for future applications. 

The direct coupling of photocondactlve detectors with CCD’s is made 
difficult by the larg' Inherent Impedance mismatch between these devices. The 
very high Input impedance of the CCD causes Its Input noise to oomlnate the ncise 
of the relatively low Impedance (tens or hundreds of ohms) detectors, resulting In 
a loss of cffcctlvt D*. Transfer of signal power Is also less efficient because 
of the Imcedance mismatch. 

As a consequence of these obstacles, indirect coupling through a buffer 
amplifier Is usually employed. Bipolar transistors exist with sufficiently high 
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B's at detector operating temperature? (140-200K) for use in the common-base 
(CB) amplifier configuration. CB amplifiers provide an effective impedance trans- 
formation between the photoconductlve detector and the CCD input. These amplifiers 
can be made with low enough noise and high enough gain to cause the detector noise 
to exceed the CCD Input noise, thereby achieving detector-llsjltcd sysren perfor- 
mance. This capability has been demonstrated by Honeywell with (Hg,Cd)Te photo- 
conductors operating at 77°; virtually no degradation In D* was observed from the 
detector itself to the CCD Input. 

Interfacing with a CCD through Indirect coupling, therefore, imposes no 
new limitations on the operation of photoconductors. Also, as the impedance of any 
of the devices considered for elevated temperature operation m.iy be matched using 
this method, CCD Interfacing provides no basis for select:! on of one material over 
another. 


5.7 CONCLUSIONS 

Of the photoconductors covered In this study, p-type (Hg,Cd)Te seems to 
hold the most promise for elevated temperature development, although none are 
available over a short-term time scale. It Is theoretically limited to 149K for 
operation with U* > SxlO^cm Hz**/watt, at a power dlsslpatton of 56 pW per element. ■ 
This power dissipation can be decreased by a factor of 10, with a loss In operating 
temperature of 4°. 

N-type (Hg,Cd)Te Is by far the most developed photoconductlve material 
of those studied, with near-theoretical performance in present-day devices. How- 
ever, it is limited in theory t-> operation below 139K, If a D* of 8x10^ Is desired. 
This makes It unsuitable for operation In the specified 150-250K temperature region, 
unless a lower detertlvlty value Is acceptable. 

The other two material types have theoretically better performance, but 
suffer from a lack of development. The (Pb,Sn)re has a iiaxlmum operating temperature 
of 176K, making It theoretically the best of the photocorductlve materials studied. 
However, previous attempts to fabricate devices from this material have met ’„lth 
several problems: preparing crystals of low carrier concentration and ./ery good 
crystallinity is extremely difficult, and lifetimes have been consistently shorter 
than chose calculated from theory. Since the higher theoretical D* of (Pb,Sn)Tc at 
elevated temperatures Is due to longer calculated lifetimes, its advantage over 
(Hg,Cd)Te cannot be realized without an Improvement In lifetime. Until more ’^aslc 
research Is done on these problems, the near-theoretical D* necessary for this 
high operating temperature cannot be achieved. 

P-type (Hg,Cd)Tc has seen extr.meLy little development as a photoconduc- 
tor, although it has been used for photodiodes, and relatively good material Is 
available. The first use of p-type (Hg,Cd)Te for photoconductors had very encour- 
aging results, and It Is believed Chat much of the knowledge accumulated about 
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n-type photoconductors ulll be applicable to p-type also. An added asset of p- 
type material is the slight theoretical advantage of moderately dop^^d (5x10^^) 
material over Intrinsic, making the growth of very low carrier concentration, 
very good crystallinity material unnecessary. The results of work in this area 
are quite uncertain, however, simply because 12-mlcrometer p-type photoconductors 
have never been attempted before. 

The problem with Shockley-Read lifetime must be solved before theoreti- 
cal detectivities can be approached. Development of a near-theoretical elevated 
temperature photoconductor would then seem to be a long-term rather than short- 
term possibility, depending first on some basic research. 
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5.19 Abnormally high D* values (up to 10 in an Isolated case) were 

reported, for short-wavelength detectors only. The response in these 
devices, with X 1 6pc, was apparently due to sone form of carrier 
compensaticn, aRd was net reproducible. The uncertain nature of this 
process, and the fact that it was confined to short wavelength materials, 
makes it an Interest "ng area for study, but of questionable promise 
for 12pm detection. 
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SECTION 6 

PYROELECTRIC DETECTORS 


6.0 INTRODL'CTION 

Tiic two taaln classes of Infrared detectors are thermal detectors and 
photon detectors. In a photon detector, an incoming quantum of radiation causes 
an observable electrical effect in the detector. A thermal detector senses 
infrared radiatloi' by first absorbing the radiation and converting it to heat. 

The resulting change in temperature is then measured. 

From the signal generation point of view, photon detectors are simpler 
chan thermal detectors, since the detection process in photon detectors is essen- 
tially a one- step process rather than a two-step process in thermal detectors. 

In recent years, very sensitive photon detectors h^ve been developed and are 
becoming common. However, all photon detectors sensitive to wavelengths longer 
than 2 micrometers must be cooled below room temperature for best sensitivity. 

This fact, together with the need for Infrared imaging system, has led to renewed 
Interest in thermal detectors. 

All thermal detectors have In common the conversion of incoming radiation 
to heat. Different thermal detectors use different methods for converting heat 
into an observable outpu which is usually, but not always, electrical. In prin- 
ciple, ary material property which is temperature dependent may be utilized to 
make a thermal detector. The most popular thermal detectors Include the thermo- 
couple (using the thennoelectrlc effect) , the Golay cell (using thermal expansion 
of a gas), and the pyroelectric detector which uses the temperature dependence 
of the spontaneous polarisation of a ferroelectric material. 

6.1 SIGNAL AND NOISE IN PYROELECTRICS 

6.1.1 Signal in Pyroelectrics 

Tlio p>roclccLrlc effect is exhibited by temperature sensitive pyro- 
electric crvst.ils, among which are rert.nin ferroelectric crystals TGS (trygly- 
cine sulfate), SBN (Srj _j,U.n.>.Nb206) , ’'L7.T (lanthanum doped lead zirconate titanate) 
and LlTn 03 . Recently, a number of polymers have been »hown to exhibit this 
pyroelectric effect. Such crystals exhibit spontaneous electric polarization 
which c.nn bo moas,ured .ns ,i voltage bv electrodes attacned to tnc sample. At 
constant temperature, iiowover, the internal charge distribution will be neu- 
tralised by free electrons .nnd surface charges, so no voltage Is detectable. 

If the temper.ituro Is rapidly changed, the Internal dipole moment will change, 
producing a transient volt.nge. This pvroelectric effect can be c.sploited a.s ^ j 
a sensitive detei Cor of modulated radiation, operatiiig at amoienc temp rature. 


The f^rst step in Che detection process is the conversion of incident 
radiation to heat. For a pyroelectric detector, the signal is a change in the 
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spoitcaueous polarization which is sonsmj qs a voltage change by a preamplifier. 
This is sliown siliematiially in Figure 6.1 

One can define a temperatuie responsivlty , R,j, for a pyroelectric 
detector which is the change in the detector bulk temperature per watt of 
Incident radiation. For sinusoidally modulated radiation of the form 


1 

T 


I’i(t) = (1 + sin 'Jt) 

J o 


( 6 . 1 ) 


heating a pyroelectric detector which Is thin enough so that the change in - * 

temperature 6T is uniform throughout the detector, the time-dependent temper- 
ature change AT(t) is given by 


nP, (t) = epAd AT + gAAT 
1 at 


( 6 . 2 ) 


where: 

n 


cp 

g 


A 

d 


the emissivity of the detector surface. For a blackened 
surface n “ 1 « 

the volume specific heat of the detector material (in Joules-cm^-°K~S 

the thermal conductance per unit area, which controls the heat 
loss to the environment by radiation, and the substrate by con- 
duction. 

detector area 

detector thickness 


Is hence 


The magnitude of the temperature change AT in a pyroelectric detector 



(6.3) 


where 

T.J. = cpd/g 


(6.4) 


is the thermal time constant. 

Equations 6.3 and 6.4 assuTC that the thermal conductance is 
Independent of frequency. In fact, thermal conductance is frequency 

dependent, with the specific mounting support techniques used determlfiing \ 

both the magnitude and frequency dependence of g. In the limit of 
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radlacive heat transfer between pyroelectric and environment, g is independent 
of frcquer.t>. Kor Llie sake of .simplicity, we consider only the case whore g 
is Indepcnacnt of frequency. 


The temperature responsivlty, defined by R.J. = &T/P is hence 


T 

at low modulation frequencies, 


(6.5) 


R - ^ 
T “ gA 


« 1 
T 


( 6 . 6 ) 


and at high frequencies, 


R„ - 


n 


UT » 1 

T 


T cpdAtii 
The rolloff frcoiiency is given by 


(6.7) 


u “ “ — •= 

o ° "^T 


( 6 . 8 ) 


Figure 6.2 is a schem.it Ic representation of R versus mt'dul.Tiion fre- 
quency for three thermal tonduct.uue values. It is evident that I’ue rolloff 
frequency, f , can be pushed t<> higher frequencies by increasing g by increasing 
thermal contact between the detector and the surroundings. But this degrades 
the temperature r<-sponslviiy due to a large heat loss to the .substrate and the 
surroundings . 

The thlckmss of tlic di-tcctor, d, plays a very significant role in 
the performance of a pyruelei. tr Ic detector. It determines the thermal mass 
of the detector, and hence, also the tliermal time constant (Eq. 6.4)-. Reducing 
the thickness will not affect the low-frequency thermal responsivi ty , but will 
directly increase the higli-f roquency thermal responsivity (Eq. 6.7). 

The next step in the detection process Is the conversion of the tem- 
perature change in the detector Into an electrical signal. In a pyroelectric, a 
change in the temperature of the material produces a change in polarization and 
hence, in surface charge. The material is characterized by a pyroelectric coeffi- 
cient p which la the change in surface charge per unit area due to a temperature 
change. The change In surface charge Aq on the detector is given by 


Aq “ p AT 


(6.9) 
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Tlie slfinal current I Is hence 
6 


I •= 7^ » pA — 
8 At At 


pAR„ tuP 
To 


( 6 . 10 ) 


The current responsivlty , defined by I /P , Is hence 

s o 

Rl “ pAR^Ci) (6.11) 

Figure 6.3 Is a plo*' of as a function of frequency. 

The voltage responsivlty Is the current responsivlty dlvlted by the 
admittance of the circuit seen by the detector 


. . * 




( 6 . 12 ) 


For just the detector alone, 

U 

—1 7 2 7 ^ 

|y,| - R. (1 + 0) C, R ) 
d d ad 


(6.13) 


-12 


where Rj Is the resistance of the pyroelectric (usually ~10 f<, due to surface 

leakage), Is Che capacitance. The voltage responsivlty at very low frequencies 
is directly proportional to Che current responsivlty. However, above a frequency 
corresponding to the electrical time constant of the pyroelectric: 


= «d^d 


(6.1A) 


Che voltage responsivlty rolls off, due to the pyroelectric capacitance. 
The voltage responsivlty over the full frequency range Is 


„ = ILE 

^ cpd 


(i)T. 


2 2 - 2 *5 
(1 + (u ) (1 + t ) 


(6.15) 


For frequencies beyond both the thermal and electrical time constants: 






(2TTf)cpdC, 


(6.16) 


slvlty . 


Figure 6.4 illustrates the frequency dependence of the voltage respon- 
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6.1.2 


Noise Sources In Pyroelectric Detectors 




Noises of a pyroelectric detector/preamplifier sssecibly arise from a 
number of sources. These sources can be represented by the equivalent circuit 
shown i.i Figure 6.5. The total noise, is given by^*l» ^*2 



where 





a 



n 


(6.17) 


i^ “ temperature fluctuation noise 

1 , ■= detector thermal noise 
0 

1 <= amplifier load resistance noise 

c 

1 “ amplifier current noise 

a 

1 = amplifier voltage noise 

K 

n 


Temperature Fluctuation Noise 

The temperature fluctuation noise represents the ultimate limit to 
performance of a pyroelectric detector. When a small body is in thermal equili- 
brium of its surroundings at a temperature T, via a thermal conductance g, the 
net power flow between uhe body and its surroundings is zero. However, it 
will have a fluctuation spectrum with a rms value?'^ 


&W^ = (4KT^g A)*® 

2 2 2 
" Rj «KT g A 


(6.18) 

(6.19) 


where is the current responslvlty of the detector. The minimum temperature 
fluctuation noise occurs when g is dominated by radiative exchange alone; heat 
transfer by conduction to the detector mount or through any gas used for back- 
fill would Increase the temperature fluctuation noise by Increasing g. 
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Detector Thermal Kolse 


There will be Johnson noise associated with any element with resis- 
tance, given by: 



4KT 

R 


4KTg,l 


( 6 . 20 ) 


there are two sources of conductance in a pyroelectric: (a) the 

dielectric loss with conductance tan6, and (b) leakage conductance 

is normally negligible in comparison with the dielectric loss. Dielectric loss 
is due to a number of factors, some associated with material defects and some 
with device fabrication. 

Input Circuit Thermal Noise 

The Input circuit utilizes a load resistor in order to operate the 
JFET amplifier in a stable configuration. The load resistor is normally chosen 
to be sufficiently high (10^^ H) that Is does not contribute excess noise. The 
noise is given by the Johnson noise of the load resistor R . 

V* 

i ^ = 4KT/R, (6.21) 

c L 

Amplifier Current Noise 

Any circuit can be represented by a combination of a voltage generator 
in series with the input and a current generator in parallel of the input. 

Either of these noise sources may dominate ti'e total noise depending on the 
impedance of the detector and amplifier. 

The preamplifier usually consists of a low-noise JFET and associated 
biasing circuitry. All FETs have gate leakage current Ig associated with them; 
this leakage current is a source of shot noise Ig where: 

1 ^ = 2 q I (6.22) 

a 8 

where q Is the electronl<r charge . 


Di rforont 

of-thc— .irt is .ihouL 


types uf 
0..; pA. 


lITTs sliow wide variations in T ; 

8 
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Amplifier VoltaRC Noise 


The amplifier voltage noise Is specified either In terms of en or an 
equivalent noise resistance R^. The noise Is given by: 


I ^ - 4KT R [(g + g.)^ + + C )^'| 

R n*“cd daJ 

^ 2 2 

■ i’'i 


(6.23) 


vhere e,^ Is the amplifier noise voltage and g^. g^ and the total 

conductance and capacitance of Che input circuit, respectively. Typical JFETs 
have Cjj ~ 10 nV/»^. Figure 6.6 illustrates the frequency dependence of the 
noise sources. The relative magnitudes of the various noise sources will, of 
course, depend on va''‘lables cui.'.. 1 “ detc,-...ux caterl?!, detector area, amplifier 
chararterlstlcs etc. 


6.1.3 Detectivity of a Pyroelectric Detector 
The detectivity, D*. Is defined by 


D* 


_£ A 


(6.24) 


By combining the signal current Ig from equation 6.10 and the noise 
current Ij^ from equation 6.17, the detectivity of a pyroelectric detector/ampll- 
fler assembly can be determined. However, It is instructive to estimate a 
thermodynsmic-llmlted detectivity D*f for a pyroelectric detector. The ultimate 
limit occurs when the only noise contributing to 1 m is the temperature fluctua- 
tion noise due to the fluctuations In the thermal equilibrium between the detector 
and its surroundings. In this limit. 




Ri V 


4KT^gA 


(6.25) 


Also 


1 - R,P 

s 1 o 


(6.26) 


Hence 


D*^ - (4KT^g)"^ = (16 KOT^)~'- 


(6.27) 
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Figure 6.6 NOISE IN PYROEI ECIRICS i VS FREQUENCY 






vhere g AOT'^, <3 «= b.67 x 10 V/ca ~K Is the Stefan-Bolt^mann constant. 

For T “ 300K, l)*>f =» 1.8 x lOlO cm Hz*4/W, which Is the theoretical limit for all 
pyroelectric detectora at room temperature. 


fined as 


In a similar manner the detector-limited detectivity D*. car. be de- 

c 

i /K 

n* - ~ ? 

d 1 O 
d 


/ 1 \V 1 /if ‘^'^T 

^^\tan6; W a+0)%V 

' T ^ 

where the only noise assumed is that due to the detector dielectric loss 
(given by Eq. 6.20). 


(6.28) 


It Is convenient to lump the last factor into a single thermal degra- 


dation term, T^. Hence 


D*, 


X- (-1 \ /i\ ‘ T 

zp/l \tan6/ \87rKTed/ \f J r 


t6.29) 


The thermal degradation Tf is due to thermal loss of the detector to 
the black front coating and the supporting structures and substrate. 


The detector-limited detectivity displa>s all the characteristics 
necessary to optimize the performance of the detector. Firstly, the detectivity 
Improves as the thickness of the detector is reduced. The present state-of-the- 
art pyroelectric detector thickness Is 10 micrometers. Thinner detectors are 
possible with Improvement in fabrication techniques. Secondly, the detectivity 
increases with reductions in the dielectric loss tan6. Currently, tan6 rs on 
the order of 10“^ for good pyroelectric materia’. Finally, D*d is proportional 
to the material constant p/cp>^, which can be viewed as c f igure-of-merlt in 
choosing a detector material. 


Figure 6.7 lllustratee the f: iponse for a pyroelectric detec- 
tor. The masrltod'’ of the D*\ will, of epend on the pyroelectric material 

parameters and amplifier; for Figure 6.7 t< «. _.ilculated detectivity was 'or a 
Strontium Barium Nlooate (SBN) detector lOpm thick with tan5 = 0.002 and oper.'ted 
at room temperature. The thermal flu-tu^tlon limit. (D*;^ = 2.0x10^® cm Hz'i/V) 3 
also shown, this limit assumes a 3C0’K background. 


One of the major factors ir the pyrcelectrlt detector design Is the 
minlml/atlon of the preamplifier noise. The detector/arcpllfier detectivity can 
be written ao 
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Figure 6.7 CAICULAriD DETLCTlVll-y OF A SEN PYROELFCTRIC DETECTOR (F.q. 6.29) 




(6.30) 


D* - D*_./F'' 
d 


where 


Y (kV‘ „s (l\ 

cpv€\tan6/ yeiTKTe^d y \fj ' \?j 


2 2 2 1 2 
1/ + i + 1 + R + 1 

d c a n T 


(6.31) 



lated from the amplifier characteristics to optimize D* with respect to para- 
meters such as detector capacitance, etc. 

Section 6.1.4 includes e brief discussion of the thermal degradation 
factor Tj. and the noise degradation (l/F)**. The material flgure-of-merit 
and the dielectric loss are discussed In Section 6.3. 

6.1.4 Thermal and Electrical Oeerndatinn 

Two additional sources of noise not Included in the detector-limited 
D*d were the thermal degradation factor, Tjj, and the amplifier-related degrada- 
tion F. In principle both coalJ be reduced to negligible levels, but in prac- 
tice they often limit pyroelectric performance. 

Thermal Loss 


The thermal loss factor arises as follows: if a pyroelectric detector 
were completely freehanglng, the thermal conductance to the substrate would be 
determined only by heat loss to the environment by radiation. In fact, a pyro- 
electric must be supported and the support structure will also result In heat 
loss due to Its thermal conductance g. As figure 6.2 shews, the higher the 
thermal conouctance between the pyroelectric and Its surroundings, the lower the 
respor.olvlty at low frequencies and hence the lower the detectivity. 

Tn addition Co affecting dotoctivlty by decreasing re.sponslvlcv at 
low frequencies (Eq. 6.6), tlierm.il loss .also appe.a.'s to affect detectivity 
bv affecting the dielectric loss factor tin6 (Fq. 6.2R). S. '’.tokovskl and 
N. Byer^-'^. 6. 1 independently. A. Oliiang and N. Butler^**^ h.ive shown that 

the ine.isurcd dielectric loss f.ictor tan6 Is duo not only to the pvrocJectrlc 
m.nterl.nl loss tangent, tan''^, hut also to thermal interchn.ige the environ- 

ment, llii-s m.iy be seen below. 
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It Is well-known that when a pyroelectric detector Is in thermal equili- 
brium with its environment at a temperature T via a the''xal conductanca G, there 
will be no heat flux between the detector and its surroundings. However, a thermal 
fluctuation exists which gives rise to a current fluctuation noise in the 
pyroelectric. 

1^ - (AKT^G)** R^(Af)’* (6.32) 

where At is tie bandwidth and the current responsivity is given by: 


R 


1 


pto 

2 2 % 
Gd-ho y 


(6.33) 


p. A, and are the detector pyroelectric coefficient, area and thermal time con- 
stant, respectively. Since a pyroelectric detector is basically a capacitor, this 
noise term must appear as a noise due to an effective electrical conductance geff, 
that is 


1 - (‘KI g ty (6.34) 

The effective conductance ggff can be calculated by equating equations 6.32 and 6.34. 
The result is 


®eff" 


TG R. 


(6.35) 


Based on equation 6.35 the effective dielectric loss tangent, can 

be expressed in terms of the thermal conductance G (= gA) : 


TG R. 


tan6 


eff 


A(jj C , 


p!i 

« < 


goxi 


g^+ (oicpd)^ 


(6.36) 


Thus, a thermal conductance between pyroelectric and substrate gives rise to an 
electrical loss, and hence to Johnson noise. The electrical conductance due to 
tan6e£f is given by 


«e(f • “'=<1 


where C is the capacitance of the detector, 
d 
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Srokowskl ind Byer ‘ ’ ' ^ive a similar expression for the total loss 


tangent : 


tani^ 


c r (1 


i 2 ^ 

(. + 


tan<^ 


( 6 . } 8 ) 


where p is the pyroelectric coefficient, T the temperature, C the dielectric 
constant, the volume heat capacity and C the total heat capacity. The 
thermal conductance is taken to be independent of frequency. Measurements of 
tand by Stokowski and Byer6.^,6.5 by Chiang and Butler"'^ under various 
conditions of thermal loupling between detector and environment have verified 
the effect. A direct comparison between measured tand and tand calculated 
using thermal conductivity measured Independently has not been reported. 


Electrical se Deg radat ton 

Ihe noise degradation factor is given by 

2 


2 2 2 i - 

i/ + 1 +1 + R 

d c a n 


+ i. 


(6.39) 


Tlie preamplif ier-rel.ited degradation can be calculated from the ampli- 
fier characteristics and can be minimized with respect to the detector capacitance 
and operation frequency, etc. To find the minimum F, let us consider only the 
JFET-relatod noise terms, and assume that the load resistance Rj is sufficiently 
large (lO^^Q) such that its noise can be neglected. F can be written as 


+ e 


1 + 


2 r 2 2 2l 

„ (g +g.)^ + 0) (C. + CJ^' 

n L c d_ a 


8nKT f tand 
d 


(6,40) 


In Figure 6.8 1 is plotted ,is a function of detector capacitance for 
two state-of-thc'-.ir t .IIT fs. One c.nn see chat for a given .JFET, there exists 
.1 detector capatitante such th.it Uu‘ noise degradation due to th» preamplifier 
is a minimum. For ex.ample, for the siliconix JFET U423, the optimum actector 
capucitanie is 80 pF, wliere.is for the sillconix JFFT 2N4e6''A, the optimum detec- 
tor capacitance is 400 pi, lliui cfore, the matching of the detector capacitance 
to a partiiiiLur IFi'l is in important design feature of a pyroelectric detector. 

Microphonics 

A pyroelectric detector uses the pyroelectric effect of the material, 
3P/3T|e,si that is, a change in detector polarization, P, due to a change in 
detector temperature under zero electric field and zero stress, actually, there 
are two contributions to the pyroelectric effect, namely, 

c The primary effect, 3P/3 t1e,s, Is the change of polarization 
as a function of temperature under zero field and stress. 
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Figure 6.8 NOISE DEGRADATION FACTOR F VS DETECTOR CAPACITANCE FOR DIFFERENT JFETS 



• The secondary effect Is due to the piezoelectric effect, 
which Is the stress Induced polarization effect. 

Piezoelectric effects and electromecnanlcal response are Important In 
terms of mlcrophonlcs. For high detectivity pyroelectric detector applications. 
It Is important to choose a low piezoelectric coefficient material to minimize 
the secondary unwanted polarization and electromechanical effects. The design 
of a rigid supporting structure with minimal thermal contact Is particularly 
important for very thin detectors. 


6.2 PYROELECTRIC MATERIALS 

6.2.1 Crystalline Pyroelectrics 

Any crystal structure can be classified Into 32 crystal classes based 
on the symmetries of Its crystal 'Suractutc. Of these 32 classes^ eleven have 
Inversion symmetry. The remaining uo cot 'nave an Inversion symmetry. All but 
one of the latter classes are plezoele trie, l.e., they exhibit an electric 
polarization under an applied stress. Of these, ten possess a polar axis and 
are spontaneously polarized along tht polar axis. These classes can exhibit 
pyroelectricity. 

In a pyroelectric material, a temperature change alters the lattice 
spacing of a nonsynmetrically located ion and alters 'the spontaneous polariza- 
tion of the lattice. This change In polarization produces a surface charge. 

The change In surface charge Is generally neutralized by stray charge In a 
short period of time (-minutes) in order to measure the surface charge produced 
by a temperature change. The Incident radiation must be rapidly varj ing to avoid 
the charge neutralization. 


A pyroelectric respqnos to changes in temperature rather than absolute 
temperature. The change in surface change Aa is given by 


Ao 


3P 

3T 


AT •= pAT 


c,s 


(6.41/ 


where 

2 

Aa •» pyroelectric surface charge density (coul/cm ) 
p o spontaneous polarization 
n = unit normal to crystal surface 
p = pyroelectric coefficlint (coul/cm^ °C) 

AT = temperature change 
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change in polarization under zero field c and stress s 


C,s 


Pyroelectricity occurs over a range of temperature up to a critical 
temperature, called the Curie temperature. At this temperature, a phase tran- 
sition occurs. The dipoles become randomly oriented and the spontaneous 
polarization is lost. L'pon cooling, this random orientation is sometimes 
"frozen in". In order to align the dipoles, the pyroelectric must be poled. 
Voling involves the application of a large electric field (> 20 Ky/cm) to the 
pyroelectric. The lugh field aligns the dipoles. 

Curie temperatures of common crystalline pyroelectrics nnge from 
49^C to 700*^C. A material witli low Curie temperature (< 100 C) poses difficul- 
ties in fabrication steps sucli as eletrode evaporation. Thus a pNroelectirc 
with a lilgh Curie temperature has a significant advantage in stability. 

The important parameters for pyroelectrics are th* roelectrlc 
coefficient p, the heat capacity, c, the density p, and the dielectric constant 
As indicated by equation 6.29, the flgure-of-mer±t for the detectivity of a pyr- 
electric detector is given by 


M 


P_ 

cp/c~ 


(coul-Cffi/ Joule) 


(6.42) 


Tliese parameters are charactci Istic of the pyroelectric material and 
are temper.iture dependent. 

The pyroelectric coefficient, p, and the dielectric constant are 
strongly temperature dependent near the Curie temperature. Figure 6.9 illus- 
trates the temperature dependence of tnese parameters In Strontium Barium Klobate 
(SBN)^*^ Both parameters grow rapidly near the Curie temperature. For a high 
flgure-of-merlt, a SBN detector should be operated well below the Curie temperature 
due to the rapid decrease of c at lower temperatures, c and p, on the other hand, 
are not very temperature dependent. 


In addition to the figurc-of-merit, the perfonnani-e of a pyroelectric 
detector lb Influenced by tlie dielectric loss, which is represented by tan'/. Tanc 
was believed to be functions of Intrinsic material properties alone. Hiwever, 
very recently, it has been shown that the measured t.Ti'i is actually composed 
ot two I ontribut Ions. ilie thcriral contribution due to the thermal conductance 
and ihi- Intrinsic i untrihiit ion due to maieri.sl properties. Sectien f >.3 includes 
.1 discussion of the tin rm.il conlribiitlun to the dlclcctrii loss in .i SB\ 
pyroi I »•< t r 1 1 detector. At present, v.iliies of the intrinsic t-iiiA ire functions 
ol n.iterl.il p.riiwth .ind i .ibrlc atlon r.itlicr than mitsrlal Innitb. ihe factors 
c.iiisln)', loss .ire dlsloc cl ions, c rysl ,i 11 1 iii ly , surface dam.ipe, iiUerf.icc sL.’lcs, 

.ind .1 number of other p.ir im Leis. 'Hie st.it o-of-thc-.cr I natcri.'l ' inS is on 

the erdc I el 10 Le 10 * I'm thcT rcchutiun in 'ic leicrii Ie''s i .m he achieved 


* ‘Ilie disc every ol the eflcc t ot thcrmnl tonduct.ince on meisurencnts of c.in‘' n ly 
mc’.in th It the- matiriil t.iiu'' Is .1111111 better than the ire.ssurcmcnts to date have 
indii .ileci. 


6-21 


&L PA^tE *S 


/;-i-o 


by Jmprovi incnl s in nkilon.il <l< vulDptnciiL iml fnbrlcation tfi hnlqin's . ’I'hc 
tomporalur%j. ilL'pumlonce of tliu iiuiLtri.il for SBN is inrluricj in figure 6.9. 

6 8 

Jn searih of suilabJe or better materials, ‘ a good many pyroelec- 
tric materiols have been studied. Table 6.1 lists the room- temperature pyro- 
electric properties of some of the must well investigated crystalline materials. 

6.2.2 Pyroelec.'rlc Polymers 

Pyroelectricity in polymers is not well understood, tlnce polymeric 
structures do not ordinarily exhibit spontaneous polarization, uu.’ever, it is 
suspected that pyroelectricity can be Imposed on polynners because of their high 
susceptibility to ordering by concomitant enhancement of crystallinity by orienta- 
tion. 


The most commonly used polymer. Polyvinyl idene Fluoride (PVF«1 is 
a predominantly linear high polymer. The high value of n is 5000 to 10000. 

It has been reported that the PVF 2 molecule (similar to many polymer 
molecules) has the form of a helix with a zigzag disposition, which results in a 
twist of 360°C about the molecule axis every arbitrary number of monomer units. 
The lack of ordering in the PVF 2 molecule leads to very weak pyroelectric 
response. However, at elevated temperatures, the carbon bonds become flexible 
and the molecule becomes ordered by "untwiEtlng" along the molecule axis. Such 
properties are characteristic of most polymers. The most common method of pre- 
paring ordered polymer films is by drawing while still in semi-molten state. 
Alternatively, the polymer films can be poled. During poling, the high elec- 
tric field aligns the molecule while the film cools slowly to room temperature. 
The resulting pyroelectric response depends on the degree of ordering imposed 
on the material. 

Presently, the commonly used pyroelectric polymer materials are pre- 
pared by the extrusion and then strcttlilng technique, Garn and Sharp^' have 
made an extensive review rec>-ntly of the p>roclectric properties of several 
polymers. Table 6.2, taken '"rom their Table 111, summarizes the room-temperature 
pyroelectric properties of several polymers. At present, the polymers are 
hampered by a weak pyroelectric coefficient, which is an order or more smaller 
in magnitude when compared with the better pyroelectric crystals. However, 
this may he largely overcome by proper poling procedures. 

In terms of e.tso of detecto. f.ibrir.it ion, polvncrs cnioy an advantage 
over crystalline pyruelei tr ic s sue l> .is SUN, I.iTaOj and TGS. A polyincr thick- 
ness of 5 mi> ronioters is c ommerc 1 . 1 1 1 v av.iilablc whereas a 5-micromctcr thick 
single crysL.iI |iyrt>cl ei tr 1 . detector reqiilrc*s considerable fabrication skill. 
Kurtlu rmore. polymo' matcrial.s can be mani.facturocl with a very high degree of 
bulk uniformity and lienee, do not suffer fiom as many defects as crvstalilnp 
pyroelectrics. Hus iinifomiitv in bulk is preferred in large element thermal 
imaging appl ii aliens. 
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SEVERAL PYROELECTRIC DETECTOR MATERIALS 
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Table 6.2 

ROOM TEMPERATURE PYROELECTRIC PROPERTIES OF SEVERAL POLYMERS 
(Data are taken from Table III ot Reference 6.9) 
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6.3 


PER^uRMANCE OF PRFSFNT PYROFI.I'CIRIC DFTFCTORS 


In this section dat.n on prosont pyroclectrlf tletectors is presontud, 
the d.ita lompared with theory, and the par.imeters llmltinp, performaiue arc doter- 
mined. The pyroelectric detector materials commonly used for hlp.h detectivity 
applications are lithium tantalate (LlTaO^), strontium barium uiobatc (SUN) 
and triglycine sulfate (TGS). Of these materials, we consider SBN ana LiTaO^, 
on which recent data have become available. 


6.3.1 Strontium Barium Niobatc Pyroelectric Detector Performance 

Data on a 16-element S3N pyroelectric detector airay have been 
reported recently ' The element size was 0.01“ x 0.01" (6.25 x 10“^cm^) 
and the average jietectivlty at 300 K, over the frequency range from 2 to 50 Hz, 
was 2 X I0®cm-Ilz'*/W. Interelemcnt crosstalk was less than 0.1?;. Data for a 
single element SBN detector were also reported”*^®; for an element size of 
2.3 X l0~^cn~^, a detectivity T •; r--Hz*i/W was achieved at 300°K gt a ^ 

10 Hz modulation frequenc/ ii ■>< ' ,.thc dcitcti^icy was about 4 x 10 cm-Hz^/W. 


Efforts to improve the detectivity of SBN pyroelectric detectors are 


presently underway 


6.6 


Figure 6.10 is a plot of detectivity, voltage responslvity 


6.11 


A detec- 


and noise voltage (per roo*' Hertz) for a SBN pyroelectric detector 
tivity in excess of 1 x lO^cm-Hz'^/W is at a modulation frequency of 1 Hz. At 
10 Hz, the detectivity is 1 x lO^cm-Hz'i/W. These data were taken with the detet- 
toryjFF.T at a temperature of 298 K. 


Figure 6.11 shows data ' for the same SBN detector/ IFFT comoination 
at a lower . temperature (273 K). A significant increase in detectivity wps ohserved 
due to a decrease in noise voltage. A value for detectivity of 3.3 x 10^'^cm-Hz'l/W 
at 10 Hz was achieved under these conditions. 


Altliough the exact rechanism for the factor-of-three reduction i" 
noise vo-tage is still under investigation^*”, it is clear that tlie effect 
may have .mportant co^se^uences for those applications for whicli some minimal 
cooling of the detector/preampllf icr package, e.g., via a one-stage thermoelec- 
tric cooler, can be used. 


6.3.2 


Lithium Tantalate Pyroelectric Detector Performance 


Data on single-element pyroelectric detectors fabiicatcd from 
lithium tantalate (LlTaO^) have recently been reported by StoRowski^ hyer 
et 12,6.13 Detectivities (at 300®K) of 1.8 y lO^cm-Ilz'^/W at 

)0 Hz and 7.5 x 'O^cm-llzi/W .it 100 Hz have been achieved in very thin (2.9 
micrometers) Li 3 a 03 detectors wliich arc 0.97 mm in diameter. 


A lomplerent.iry domain 
pyroelectric detei tors to reduce 
.It 300°K of 1.9 X ^O-'i m-H/'VW .it 
area o( about 1 mm . 


6.12 

structure has recently bei-n used in Li f.iO^ 
the effei ts of microphnnics; deteccivl Lies 
10 Hz were .u hieved in devices with active* 


I 

1 

i 


r 

i. 


» 


i 

I 

1 

1 

1 

I 

I 

I 

I 


E 

u 


2 

CO 

•/% 

u 

< 

oc 

UJ 

»— 

< 

5 

QC 

O 


u 

r> 


'O 


o 

II 

p 

cc 

O 


r> 

I 


X 

hv 

CO 

II 

< 

tu 

a; 

< 

0£ 

o 


N 

X 

8 


O 

CM 

8 


C 

P 


0£ 

o p 


t ^ 


E 

a 

lO 

CM 


on 

LU 

2 

0 

1 


»/• 

z 

o 


2 o'-' 

13 CM 

U 

< 

> 


CM 


E 

u 


II 


2 2 


5 

UJ 


" ^ 

I *? 

LU O 


X 

on 


0£ 

O 


oi 

o 


a iii y y y 


HI tiJ UJ 

o o o 


UJ UJ 

O O 


a 

Z 

O u u 

l_ I— 

UJ ui 

^ Q Q 


«0 

I 

o 


> 

Q 

o 

00 

:>£ 

U 

< 


^ = 


> 

I— 


>- 


> 

t/> 

Z 

o 


;2 S a. :> o 

2 5 - " 

O' • CO 


vr 

u 

■a 


CD UJ 
<fi 11 


o 

V 


a 

CO 
II II 


_0» u oT' 


>- 
o 
O 

CO 

s ^ 

II ® 

oa II 
CO a 

* 

O 


lU 

o 

< 

t— 

_J 

o 

> 

UI 

i/> 

o 

z 

II 


“ > 


(^H/VA) 


A »M 


7 



8 


> 

UJ 

3 

O 


(AVA) 


77-1-6 


ORIGIN ATj page F 
OF POOR QUiUjlTY 


6-27 


Figure 6.i0 SBN PYROELECTRIC DETECTOR PERFORMANCE (From Reference 6.11) 



DETECTOR MATERIAL = SBN 
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^li;vlrc f'.ll SBN‘ PYRO^L^t■rKIC DEIECTOR rERFORMANCC (Fro.a Ri?torei\Lv C'.U) 




D.tt.i on irrivs. n! 1 i laO-^ pvroeloi't.ru Jctettors h.»s r*<i'ntlv h.-m 
rfrortod^’* * ’* . Dot ori Iv 1 1 ii-s of . 7 x lO® cn-Hz ^/W at 50 Hz tn oIipumUS with 
,«tJvo aro.i oi 0.01" x O.Jl" (fc.J3 x *0““ cia') were achicvcO in 9-olemcnt srn 
garcu-lincir .nr.i>s, intorv Iwr-cnt i losstalk was afouC 2Z at 50 lU. At 10 Hz, 
Hotc. t ivfl Iv's of Omiit i.l \ lO'-* cn-Hz-/W were repot teil, with an increased incer- 
cleneat t rosstalk at 10 tiz of about 12%. 

6.4 IMI’ROVID rl K1 ORM/\NCI OF PVROFLFCTRIC DfTEfTORS 


Iti this scitioii wc discuss the ultimate feasibility of pyroelet trie 
dctiM tors .ippro »i liin>; the thermal fluttu.ition sensitivity limit (D* - 1.8 \ 10* 
cm li*'-'lO .It rretjiieiK ii's in the r in;;o I ro.m 1 10 Hr, We ’'ill show th.it such viei 2 c- 
tor.s must iieiebsarily be very thin (on the >rdor of 1 nii roiiietfr ) , and must be 
esseoti'lly sel I -support inp . Asseei.itcd p'^oblcms In the .area of T.itched ’ow 
noise .imp ifiers, low-lo.ss black coaciajts, mccha.'iical strenpth and stability, 
nicroidionits, .ind eleiirii.il contacts will be discussed. 


Hp,ure 6.1J bhows, calri.l.itcd detectivities for pyroelectrit detectors 
usinp the theory of the previous sections, and material properties of SBl. (stron- 
tium barium niob.ite). T!ie curves in Figure 6.12 are plots of lqu.itic<n 6.S for 
the following SUN materi.il p.irametcrs: 

-3 0-1 

C0 ■ 2.3 joule cm K 


p - 6 


-8 -2 o -1 

X 10 coul cm K 


-11 -1 
e ' 3.5 X 10 Farad cm 

-4 

'llie disaipat iii'i f.K tor t.ind for SB.N taiiges form 1 •< 10 in bulk s,implc.s 
tc 3 X 10"^ in SI .ite-uf-tbe-arr detectors. Tlic ordinate in Figure 6.12 is au/?n, 
since in tbe .beory d and (.i .ilways appear only In the product dtj. This »nows 
that the b.isle way to obt.iin response to higher ircqueneies for a given mate- 
rial IS tc l.ibrh.itf ihinnor detectors. Hie present state-of-the-.irt d.ira at 
iOO^’K lot singJc clenient SHN detectors, taken from Figure 6.10, is also sh.cwn 
in lig.ure 0.12. ihis point < orresponds to a measured D* of 9 x ’ 

et 13 Hr for a c.'teitor with d = POpm, and an estimated g for } x 10~\' cm“'-'^}.. 


Cniividei .It ion of oquation 6.28 shows chat the requirements for high D» 
are a materl.iJ w'th high value of p/cpr'i, material and processing which give ,n low 
value of tani'i, <ind a low value of g. Since to = g/cOd, high fiequemy opcr.jiion 
requires .i iiuterlal wiili small value of tp, and a detector witn a sm.al 1 v.alue of d. 
Note th.it nil leasinj; g. ■] though it Increi.ses oi^, docs not incre.abe iJ’^ .it niv f rc— 
quency; ilieielore, g must remain ab sm.il I as practical. Fach of cnesc tonditions 
will now be luiiMdired. 

t 

T.ible 0.1 1 ibts values of p/r,.r ^ (or some typical pyroelectric materials, 
the m.uerl.il with the highest reported v.nlue for this f igurc-of-merit . has 
the undcsir.ihle properties of .a rcl.itivelv low Oirle te-iper.->turt and cf bcinr 
hyjMoscopic . so other uitcri.ils arc ol ten used. In adit. ion. these are some thca- 
r.'i i ai 1 onsKierationsb.H wnuh suv'.,-ost tint p/ is car.st .-u so n ecnsidc’-.ibl v 
Improvcsl iii.ilerlil is not in; i ipite.l. llieri“'^ori. , tiie ptospeits of inprovinj D* 
l>\ liii.liii}; I In-lliT lUHi'iii! .|ci iiol lo.ilc pood. 
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Tlierc lb no known lower limit to the value of tanA lor irnifri.ils , so 
this might appear to be a promising viny to impro/e D*. Kotlre, however, that 
lae noise power from the ileteetor is given by 4 K1 tan5. llie best available 
preamplifiers produce a noibO equivalent to about (K]')/JS 00 . Ii_^an be 
shown that I'lis noise is equivalent to a dctei tor Land of 2 \ 10 ; ."has tlu- 
amplifier noise, rither tlian the detector noise, will deirinati' if the detei tor 
tand is less than 2 x 10 . In addition, the amplifier and detetli'r must be 

carefull> matched In order to obtain noise this small. Tlius, increasing D'' 
by reducing tan 6 requires a very good amplifier. Therefore, increasing D* 
by reducing tand is not practical. 

Reducing the thermal conductivity g results in increasing D* by 
increasing the tliernal responsivity and also by reducing the statistical tem- 
perature fluctuations '<{ the detector, _2S^caY be seen from Figure 6.12. A g 
value of less than about 5 x 10 W cm K is very difficult to obtain 
in practice, however. This topic will be discussed in more detail later. 

The btate-of-chc---* 7 ;— 'e ric dctectoTS show a D* in the range 
of 0.5 - 2 X iO^ (m ll/.Jf ' - - - V wii.ii maximum response near 1 Hz. 

The only way to obtain a higher D* is to reduce g ^ndj reduce the detector 
thickness d. lor example, if g = 6.4, x 10 W cm K and d = 1 x 10 cm, the 
detectivity is close to 4 x 10^ cm Hz‘/W from 1 Hz to 10 Hz. Thus, with the 
av.'iilable materials, high D* in r^e 1 Hz to 10 Hz range requires detector 
thickness of the order of 1 ^ lO cm with g values of 6 x 10 and less and 
a dielectric loss of 3 x 10 

The ideal thermal detector, which was assumed for the theoretical 
portion, absorbs all incident electromagnetic radiation. Actual detectors, of 
coutse, will not absorb ill the radiation. In particular. Cue intrinsic absorp- 
tion of most pyroelectric materials is confined to .a few bands in the infrared 
particularly for very thin s.amples. Therefore, a practical detet tor must have 
a "bl.ick" coating wbiili actu.illy absorbs the incident radiation and then trans- 
fers the heat to i he detei tor itsulf. TTie thermal c.ipaciCy of ike black coat- 
ing degrades the detector performance, so it must be kept small compared to the 
thermal capatily of the detector itself. Tor a thin detector then, a very 
thin black co.iting is required. Historically, a great de il of effort has been 
expended in developing a good, low therm.al capacity black loating. There 
are several commonly used types: the blacks formed from a met.il uhirli is 

evaporated or electrop.ateil .at a rate too high to form a continuous film, 
pigment t>pe blnils formed of, for example, a combination of ) raphite and 
silicates, and the blacks which absorb radi.ation by virtue of their siir' n c 
resistivity, lot 3 p> coelcvtric detector, if the black is londiuLive, i, 
i.m .ilso serve j.s tlie detector electrode, this simplifying the fabrication. 

Also, the surf n f fi'sisrivlty tipi, of bl.ick is potentially the tlnnncsc, 
with ri'iiorted timknesses of 250 A and less. Therelore, jc would appear th.it 
tills type <il bl.uk IS the rxist pioirising lor v’orv thin pv rool ec t r i c detei tors. 


€ 

•rt 


j 



1 



I 



Peril. ips fill nu'si dilfic.ili problem to solve is the therrnal losses 
111 flu sii (iiiii I 1 1 III' stiiii lute. Till' theiMN allows for this in lorrs u’ t value 
lor bill this IS oiiI\ III ippri»\ iml ii> 1. N.*ti »•'l^l 1 1' .iliij .1. h.ive 

hei II I'oiii (or ic.ilisii, sttiK foies; fl< l^•sllit^, ili.ii tliiniii-r st riii tores 

Imvi lifiU, il iiiv, Kiv eif ';,i- over tlucler ones due to tin ilnrml effect of 
the siihsirite. lluTi dues ni't iniH*.ir to exist .iny iinteri.); winch is suit.'ble 
.IS I siibslr.ili- lor hi-li pi rl orninci', linn deiorters. The orl> soJiiLii'i. .i,';e.irs 
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to bo to Support the iloici-tor by its edges. Since the detector must neces- 
sarily be vor> thin, the he.ii loss through the edges will be sm-iller than for 
a thicker detector. If tlio detector active area is defined by a combination 
block and electrode, the surrounding uncoated (but thin) detector material 
should serve as a reasonably good support with thermal isolation. 'Ihc e\ai t 
theory predicts that the ilegree of isolation will be a funi-tloii of fretiiienij, 
with the isolation being be'.ter at high frequencies. Tlie exact i haracteristit s 
will depend, of course, on tue specific pyroelectric material selected. 

While’ll Is relatively simple to prepare thju films on a substrate, 
self-supporting thin films are truch more difficult to fabricate. This is anti- 
cipated to bo the most critical area in the fabrication of extended performance 
pyroelectric detectors. It is not known whether the various candidate mite- 
rials have the required strength to toim self-supporting structures of the 
required thiikness. Also, all pyroele«tri< materials are also piezool rc I ric , 
which means that mechanic aJ vibration will be transformed into an electrical 
signal. Clearly, the very thin self-supporting structures will be more suscep- 
tible to vibration than thicker structures; much more work, both theoretical 
and experimental, i.s nc-eded to determine it tliis effect will be significant. 

Heat conduction through the electrical leads may be a significant 
effect; pyroelectric detectors have m inherent advantage in this area, since 
they can tolerate a higher lead resit tance than other types of thermal detec- 
tors. Electrical and thermal resistances tend to be proportional for conduc- 
tors, so that a high thermal resistan.’C in the leads implies a high elec- 
trical resistance as well. Heat conduction through the leads needs to be con- 
sidered in actual device design, but 1* is expected that this effect can 
be minimized ay careful design. 
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SECTION 7 


CONCLUSIONS /JTO RECOMMENDATIONS 


The objective of this study was to define the most promising technical 
approach for the advance of development of 8-12 micrometer detector operating 
at elevated temperatures. In achieving this objective three tasks were under- 
taken : 


1. Determine the theoretical limits to performance of both thermal 
and quantum detectors for 8-1? micrometer infrared detection. 

2. Identify candidate detector materials and determine material 
parameters 

3. Determine the prearnt status of both quantum and thermal de- 
tectors, Isolate the parameters limiting performance, and assess 
the feasibility of achieving performance at the theoretical limit. 

In this section the conclusion reached In these three tasks will be 
summarized and recommendations made for further development. 

7.1 THEORETICAL LIMITS: QUAMX’M DETECTORS 

The limits to detectivity for both photovoltaic and photoconductivc 
detectors were examined in Section 2. 

7.1.1 Photovoltaic Detectors 

The detector - limited D* for a photodiode at zero bias was found to 

reduce to 



where g^j^ the thermal generation rate of minority carriers In the volume of 
semiconductor defined by the device area and the depth below the junction from 
which minority carriers are collected. 

. The analysis does not consider other noise mechanlSirs which are not funda- 

mental limitations. These include depletion layer generatlon-r. •combination noise, 
surface generation-recombination noise, and i/f noise. In addition, tunneling 
current was not Included as tunneling is unlikely to limit device performance at 
elevated temperatures. 

In tradi clon.nl p-n ju nctions, minority carriers are collected from a 
diffusion length (Lg = A Tp below the junction. The diffusion length may be 
as long as 100 /um. However, 257 of the signal is collected from a depth beloi.: 
the semiconductor surface given by 2.0/a where a is the absorption coefficient. 
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For a direct-gap semiconductor, the signal Is absorbed within about 10 Pm of 
the semiconductor surface. Thus, the conventional p-n Junction design can col’-ct 
noise from a much larger volume of semiconductor (given by AL^) than Is needed 
to collect noise. An Impro/ed design developed on this program was the electri- 
cally reflecting backside contact. In this design the active volume of semicon- 
ductor Is only as thick as needed to collect signal. The active area la defined 
by a more heavily doped contact which acts as, »n electrically reflecting barrier 
to minority can lets. 

The critical factor in determining the limit to detectivity Is to deter- 
mine the theoretical limit for the thermal generation rate g^i,. There are two 
fundamental processes which are responsible for thermal generation and recombina- 
tion of carriers. One Is radiative recombl 'atlon. In which an electron and a 
hole recombine with emission of a photon. This Is the Inverse of the process 
responsible for generation of signal, In which an incoming photo. t Is absorbed and 
an electron-hole pair created. Thus, choosing a semiconductor with a low radia- 
tive recombination rate does not Improve detectivity, since both the signal and 
noise are generated by the same process. Radiative recombination thus defines the 
fundamental limit to detectivity In quantum detectors. 


The sc-ond fundamental process responsible for thermal generation and 
recombination of carriers Is Auger recombination.* In Auger recombination two 
electrons collide, one is excited higher into the conduction band, the other re- 
combines by falling into the valence band. As the Auger process contributes 
only to thermal generation of noise and does not enter the signal generation pro- 
cess, one would want to choose the semiconductor which has the lowest Auger 
generation - recombination rate. The Auger recombination rate Is quite sensitive 
to the exact shape of the semiconductor band structure and will be an important 
parameter In choosing the optimum banJ” structure. The thermal generation rate 
is given by 


g 


th 


A t(R + R.) 
r A 


(7.2) 


where R^. Is the radiative recomoinatlon rate and R^ Is the Auger recombination 
rate. If a semiconductor is chosen which has low Auger recombination, then the 
limit to detectivity becomes (Equ.atlon 3.5). 


D*1 


0.32 A 
he V 


(7.3) 


The radiative recombination rate Rj. may be expressed In terms of the optical 
absorption coefficient a Independent of band structure. If this e.xpresslon Cor Rj. 
Is used in the expression for detectivity, the theoretical ll.j't to detectivity 
for a p-n photodiode (with electrically reflecting backside contact) 

* Schockley-Read recombination is often observed in real semiconductors; In this 
process recombination proceeds via a flaw or Impuri v state. However, this is not 
a fundamental limit. 
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becoies* 


exp (E /2kT) 
g 


( 7 . 4 ) 


( f ror t-qii.ncion 3>2I): 


D* 


X 


0. 32 X 

% 


/ h 
\ 8 t kT 


where 

Eg == energy gap 
X = wavelength 
h = Planck's constant 


= semiconductor index of refraction 
V ■= Boltzmann's constant 
T * temperature 


Thus, the theoretical limit to detectivity for quantum detectors has 
been reduced to an expre«!Sion which depends only on the cutoff wavelength desired, 
the temperature and the index of refraction of the semiconductor. It Is independent 
of band structure and so Is Independent of all t le normal material and device 
design parameters such as Intrinsic carrier concentration, mobility, dopant levels, 
etc. Semiconductor band structure and related material parameters enter only in 
factors which reduce D* below Its theoretical limit, such as .^ugcr recomblratlon , 
Figure 7.1 shows the limit to detectivity as a function of temperature for p-n 
photodiodes. An Index of refraction of 4 was assumed. 


7.1.2 


Photoconductlve Detectors 


The expressions for signal and noise on photoconductlve detectors were 
developed In Section 2.4. The detectivity of a photoconductor In general Is given 
by 


D*. 


nX 


2hc 




*th/A ^ 


(7.5) 


where Is the thermal generation rate, R is the resistance of the photoconductor 

and G is the photoconductlve gain. If sufficiently high gain can be obtained, either 
by high bias fields or high mobility ratio, then the limiting detectivity for a 
photoconductor reduces to the same as for a photodiode: 


D*, 


nX 

2hc 




(7.6) 


* if the values of the fundamental constants are used and If Xj. is the cutoff 
wavelength eqn 7.3 becomes 


D*. 


2.2 X 10® X^^ 

exp (7.21 X 10^/X T) 
c 


n^ yJ7 


wnera Is In micrometers and T In degrees Kelvin. 


(7.7) 
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As for a photodlodei the ultimate limit to the thermal generation rate 
gth Is radiative recombination. To achieve this limit one must choose the semi- 
conductor material and the device design such that (a) radiative recombination 
dominates Auger recombination and (b) the gain atid device resistance are sufficiently 
high that Johnson noise Is lower than geiiaratlon-recombinatlon noise. 


In summary both photodiodes and photcconductors have the same ultimate 
theoretical limit to detectivity, given by eqn 7.3. For photodiodes to reach 
this limit, an electrically reflecting back-side contact must be used and the 
choice of semiconductor material and device design must be such that radiative 
recombination rather than Auger recombination dominates. For phococonductors to 
reach this limit the semiconductor material and device design must be such that 
Johnson noise does not limit device performance and that radiative rather than 
Auger recombination doL'lnates. In addition, the photoconductor thickness must 
be reduced to the thickness needed to collect signal. 

7 2 MilTERlALS FOR QUANTUM DETECTORS 

The fundamental conclusion reached In the analysis of signal and noise 
In quantum detectors was that the ultimate limit to detectivity in a quantum 
detector (eqn 7.4} depended only on the wavelength, temperature and material Index 
of refraction n. This ultimate limit could be met only if radiative, rather than 
Auger, recombination was the dominant recombination process. Thus, in evaluating 
semiconduct Dr material classes for fundamental potential to achieve the theoreti- 
cal limit to D*, the follov-lug crlte’^la should be used 

(a) Auger recemb. nation should be weak or negligible relative to 
radiative ret omblnatlon 

(b) If (a) Is satisfied then the material should have the lov>est 
poe.slble Index of refraction 


The two types of semiconductor materials discovered to date with 
bandgaps suitable for 8-14 pn detectors are those with a direct bandgap at the 
zone center and those with direct gap near the zone edge. (Hg,Cd)Te and 
related compounds fall Into the first class. They are cha’ actcrlzed by a con- 
duction band with a low density of states and a valence band with a high density 
of states. (Pb,Sn)Te and related compounds fall Into the second class. They 
are characterized by ellipsoidal conduction and valence bands which are mirror 
Images of each other. 
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The two classes have been Investigated with regard to the Auger recom- 
bination rate. The shortest Auger lifetimes occur in ii-type (Hg,Cd)Te or related 
compounds. This is due to the very low electron effective mass. However, it 
was discovered in the course of the prograa. that if n-type (Hg,Cd)Te is made 
degenerate by doping at high levels the Auger recombination mechanism is consider- 
ably reduced in strength. Vfhile degenerate n-type (Hg,Cd)Te is unsuitable In 
itself for an active Infrared detector due to the Bursteln shift, the n-slde of 
a p-n junction can be made degenerate to reduce the n-slde diffusion current. 

The Auger lifetime in p-type (Hg,Cd)Te was analyzed In detail for the 
first time on this program. Due to Che assymetry of the valence bands in (Hg,Cd)Te 
the Auger lifetimes are considerably different in n-type and in p-type (Hg,Cd)Te. 

In lightly doped p-type electron-electron collisions were found to dominate while 
in very heavily doped p-type hole-hole collisions dominate. In both cases the 
Auger lifetime is considerably longer than in comparably doped n-type. Auger recom- 
bination is weaker than radiative recombination In moderately doped p-type (Hg,Cd)Te 
at temperatures below 150K; thus, it is possible to achieve detectivities at the 
theoretical limit for quantum detectors. To achieve radlatlvely limited lifetimes 
above 150K it la necessary to use higher dopant concentrations = 1.0x10^® cra“^). 

Auger recombination in (Pb,Sn)Te has been investigated by Emtage, Emtage 
found that the Auger mechanism on (Pb,Sn)Te was strong due to a high longitadlnal- 
to-transverse effective mass ratio (m 2 ^/mt) in both the conduction and valence 
bands. As the (Pb,Sn)Te conduction and valence bands ate equivalent, n- and p-type 
(Pb,Sn)Te have the same recombination times of equivalent dopings and temperature^. 
Calculations based on Emtage's expressions have indicated that moderately doped 
(Ny^ > l.'OxlO^® cm~’^ (Pb,Sn)Te is limited by Auger recombination at temperatures 
above 80K, and thus could not achieve the theoretical limit for quantum detectors 
at elevated temperatures. Semiconducting compounds related to (Pb,Sn)Te but with 
a lower effective mass ratio (ra^/m^) may be more promising for elevated temperature 
operation. 


The third type of band structure common among semiconductors is an in- 
direct gap. Examples of this type of band structure are silicon and germanium; no 
narrow band-gap (0.1 eV) examples of this band structure are known. However, it is 
possible to conclude that this type of bard structure is unlikely to achieve the 
theoretical limit to detectivity. Due to the indirect gap, the radiative transi- 
tion is weak. Thus optical absorption coefficients would be low and radiative 
lifetimes would be long. The chance of this type of semiconductor achieving 


1 

t 


radiatlve-llnlted llfetlrcos would be poor since very long Shockley-Read llfetines 
would be necessary for the radiative lifetime to be shorter than the Shockley-Read 
lifetime. Thus, even if a narrow band gap semiconductor existed with an indirect 
gap, it would be difficult to achieve performance at the theoretical limit. 

In summary, the moat Important crltcf'..’ for evaluating the potential 
of various semiconductors for achieving detecti’'ity at the theoretical limit for a 
4ut.ntuci detector is that Auger recombination be weaker than radiative recombination. 

Three basic types of band structure have been evaluated, wlti. examples of two of 
the three evaluated In detail. For (Pb,Sn)Te and related semiconductors Auger 
recombination Is dominant above 80K. If a semiconductor were found with band struc- 
ture similar to (Pb,Sn)Te but less ellipsoidal conduction and valence binds, then Auger 

recombination would be weakened. For (Hg,Cd)Te and related semiconductors Auger 
recombination is dominant In non-degenerate n-type and lightly doped p-type 
(Hg,Cd)Te. In heavily doped p-type ~ 1.0x10^8 cm“'^) radiative recombination 
Is dominant up to 190K. Thus, p-type (Hg,Cd)Te or related appears to be the 
best candidate on a theoretical basis for achieving the theoretical limit to D* 
for elevated temperature operation. 

7.3 PRESENT STATUS AND ULTIMATE LIMITS: PHOTOVOLTAIC DETECTORS 

The status of present 8-14uir_photovoltaic detectors was analy^od in an 
effort to determine the factors limiting performance. Two materials have dominated 
the field: (Hg,Cd)Te and (Pb,Sn)Te. As the analysis of Section 3 Indicated, these 

materials are representatives of two different types of band structures; new 
materials with fundamentally different band structures a-e unlikely. 

Of the two materials (Pb,Sn)Te has seen the most development ^or photo- 
diodes. Data on present (Pb,Sn)Te photodiodes was analyzed to determine the 
limiting parameters. It was found that the best (Pb,Sn)Te photodipdes are limited 
by diffusion current for temperatures above 80K. The data was fit by using the 
Auger-limited lifetime for (Pb,Sn)Te. Thus, present (Po,Sn)Te p-n junctions 
appear to achieve Auger-limited performance. Further improvements could come only 
from development of the electrically reflecting backside contact. Present (Pb,Sn)Te 
diodes prepared by liquid phase epitaxy on PbTe substrates effectively Incoroorate 
this structure as the (Pb,Sn)Te layers are approximately lObc thick. No elevated 
temperature data on these devices has been published. TTie advantage gained from 
the reflecting contact is a factor of 2 in detectivity at elevated temperaCurea 
Figure 7.2 shows the RqA calculated as a function of temperature for a constant 
12pm cutoff .assuming an Auger-llmlted lifetime. Figure 7.2 also shows the P^A 
obtaln.sble with an electrically reflecting backside contact. 

To sumn'.irl.'.e, the present performance of (Pb,Rn)Tp phetodioaes .st ele- 
vated temperatures is limited below the theoretical mavln-ui fur .s quantum detector 
by a short Auger lifetime The shot t Auger lifetime Is a consequence o*’ the band 
structure of Che material. Data on the hest (Pb,Sn)Te photodlode.s has been modeled. , 

' > J 
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Data on ordinary p-n junctions can be fit using lifetlnes near the Auger limit; 
Ritnllarly, data on homojunctions formed on thin (Pb,Sn)Te epitaxial layers (on 
PbTe) can be fit assuming Augcr-llmlted lifetimes and diffusion lengths limited 
by the thickness of the epitaxial layer. Thus, substantial improvement in the 
performance of (Pb,Sn)Te photodiodes at moderate and elevated temperatures appear 
unlikely. 


8-lA in (Hg,Cd)Te photodiodes have been developed primarily for wide 
bandwidth applications where low capacitance is required. The device structure 
developed for this application is a lightly doped n-layer on a moderately doped 
p-type wafer (n- on p) . Data from n- on p (Hg,Cd)Te photodiodes has been analyzed. 

At low (T<110K) temperatures n- on p (Hg,Cd)Te photodiodes are limited by generation- 
recombination current, with an effective depletion -layer lifetime of 30 ns. At 
elevated temperatures, the diodes were limited by diffusion current with p-side 
lifetimes of 30 ns. 

For (Hg,Cd)Te a n+ on p device design is superior to the n- on p for 
high oetcctivitv applications for two reasons. First, the use of high r.-slde carrier 
concentrations reduces the width of the depletion layer and hence reduces depletion 
layer g-r current. Secondly, use of high n-side carrier concentrations makes the 
n-slde degenerate, which was found to greatly reduce thermal generation by Auger 
processes. Thlb, in turn, limits diffusion current from the n-side 


The best device design for (Kg,Cd)Te for elevated temperature operation 
is n+ on p. Figure 7.3 shows R^A as a function of temperature calculated for a 
constant 12-Um cutoff wavelength. The lowest curve corresponds to llfetlnes 
currently measured in p-type (J!g,Cd)Te. The factor Uniting R^A Is the p-side 
lifetime t • The p-slde lifetimes presently observed are considerably shorter chan 
the radiatWe limit and is apparently due to a Shockley-Read center. If the lifetime 
can be improved to the radiative limit, Chen considerably improved R^A can be 
achieved. This is also shown in Figure 7.3. Finally, If lifetimes ne.ar the radia- 
tive limit can be obtained, then the electron diffusion length o" the p-side is 
quite long and ii.se of the reflecting back-side contact can considerably Improve 
Rp^. This is also shown In Figure 7.3. 

At temperatures above L70K, electron-el ectr-on Auger rccomtinatlcn beccres 
significant in p-tvpe (Hg,Cd)Te. Use of more heavily doped p-tvpe wafers ~ 
l.OxlC^^ would make radiative recombination dominant to~190K. Thus, tie 

optimum device design for (Hg.Cd)Te photodiodes for operation above 17CK is a n+ 

-p+ design. If radlat 1 vely-1 Imlted lifetimes can be obtained in p-type (iag,Cd)Te, 
then (Hp,Cd)Te photodiodes could achieve the thecretlcal limit to detectivity for 
quantum detectors ('•'igure 7.1). 
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In summary, the ulcimace performance of (Hg,Cd)Te photodiodes at 
moderate and elevated temperatures appears to be limited only by radiative 
reromoinatlon, thus they could achieve the ultimate Unit for quantum detectors. 
The conclusions rest on two developments made during the program: (1) that 

doping n-type (Hg,Cd)Te to degencra'-y aignlf Icantly reduces Auger recombination, 
and (2) that Auger recombination Is moderately doped (4x10^^ < < l.OxlOl® cm“^) 

is limited by electron-electron collisions with resulting Auger lifetimes sub- 
stantially longer than n-type (Hg,Cd)Te and longer than the radiative lifetime. 

The device structure which can achieve the ultimate performance is a n+ on p 
design. 


Performance of present (Hg,Cd)Te photodiodes have been analyzed. The 
devices are limited by a short, Shockley-Read limited lifetime on the p-side. 
This lifetime Is approximately 30 ns. Improvements in this lifetime are crucial 
to achieving the theoretical limit to performance. 

7.4 ^’R^StNT PFRFORMA'.CC ANT) ULTIMATK LIMITS: PHOTOCOMIUCTTVF DFTFCTORS 


The ultimate theoretical limit for a photoconductor Is the same as 
that for a photodiode; Figure 7.1 shows the limit to detectivity which could be 
achieved. The ability of a photoconductor to achieve this detectivity depends 
on the following conditions: 

1) Lifetime should be limited by radiative rather than Auger or 
Shockley-Read combination. 

2) Generation-recombination noise should dominate Johnson noise 

3) The thickness of the photoconductor must be approximate!) an optical 
absorption depth 

in addition, '/f noaso should be negligible. 


(Hg,Cd)Te has been the only material developed for 8-14 pm photo- 
conductors. Present (Hg,Cd)Te photoconductors use n-type copings as low as 
possible to achieve maximum detectivity; at moderate and elevated tempcr.'.iure 
th (Hg,Cd)Te would be intrinsic. The detectivity of the present best (HgiCdlTe 
photcconcJuctors i"' linitod by goncr.jt lun nois,* whu li is iir'iiuJ )> aiu;ii 
recombination. Thus, further significant improvement in (Kg,Cd)Te photnconductor*; 
at elevated temperatures Is- unlikely. 


The ultimate limit to detectivity for n-type (l’g,Cd>Tc pliotoconcuctors 
calculated for a const.int 12-i;m cutoff is shown in Figure 7.4. Tlie detectivit) 
falls well belo'w the ultimate limit for quantum detectors at elevated temperatures 
due to rhe Auger llfotltne. For iroder.nte temperature (7?'12hK', operation however, 
(Kg,Cd)Te photoconductors ccald achieve detectivit) witl'ln a factor of 3 of the 
tljeoretlcaJ limit for quartum detectors- 
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The p-type (HR,Cd)Tc photoconductors have not been developed, largely 
because the performance at moderate (less than 150K) temperature is considerably 
lower than n-type (Hg,Cd)Te. At elevated temperatures p-type (Hg,Cd)Te could 
offer performance superior to n-type due to the much longer Auger lifetime in 
p-type (Hg.Cd^Te, However, for temperatures above 150K detectivities above 
B.OxlO^ cm HzVw cannot be attained, making p-type (Hg,Cd)Te photoconductors 
unattractive. 

(Pb,Sn)Te has also been examined as a photoconductlve material. The 
barrier to (Pb,Sn)Te as a photoccnductor has historically been the high carrier 
concentration in both bulk and epitaxial (Pb,Sn)Te. For carrier concentrations 
above 1.0x10^5 cm“^ detectivities above l.OxlO^® cm Hz^/W are not possible; carrier 
concentrt cions lower than 1.0x10^6 cm “3 were not regularly obtained in (Pb,Sn)Te 
until r«--cently. 

If low carrier concentration (Pb,Sn)Te can be obtained (N < 5x10^^ cn~^) 
then (Pb,Sn)Te photoconductors are more attractive on a theoretical basis tban n 
or p-type (Hg,Cd)Te for operating temperatures above 160K. However, due to the 
rapid Auger recombination in (Pb,Sn)Te, the theoretical limit for quantum oetectors 
cannot be attained. 

In summary, neither (Hg,Cd)Te nor (Pb,Sn)Te phococonductors appear 
capable of achieving the ultimate limit to detectivity for quantum detectors. 

At elevated temperatures, (Pb,Sn)Te theoretically appears to offer the best per- 
formance, but requires carrier concentrations below 1.0x10^^ cm~^. Carrier con- 
centrations at this level have not been achieved. At low and moderate icrperatures 
(T < 140K'' , n-type (Hg,Cd)Tc. theoretically offers the best performance an-* pre- 
sently achieves performance near this level. 

Both amplifier coi'pling and power dissipation have been examined. kTillo 
it appears possible to design amplifiers for the very low resistance values typical 
of photocorductors at elevated temperatures, the amplifiers would have very high 
power dissipation and would be suitable only for off-focal-plane use. Power 
dissipation of the photoconductor alone Is of order 10-60 iiW per element and would 
not be a driving factor except in large focal planes. 

7.5 THERMAL DETFCTORS 

Themnl detectors .nrc a fundamentally different class of detectors than 
quantum detectors with different limitations. The type of thermil detector judged 
most likely to be useful in future NASA applications Is the p>’ocleotric detector; 
thus, only pyriiel c'( i r i < s wen- exainlned m detail. 

Tlie ultimate limit to detectivity In pyroelectrics is temperature 
fluctuation noise bet. con detector and environment. If g Is the thermal conduc- 
tivity between detector and its ^.in ouml in},s . 


ORiGtMAL PAG’.j IS 

OF POOR QOAROI 


77-1-6 


7-13 


1 


D*, 


2 -Jj 
(4kT g)^ 


(7.8) 


If the detector can be sufficiently well Insulated thermally from its environment, 
then g is limited only by radiative heat flow given by g’4oT where a is the Siefan- 
Boltzmann constant. The limit to D* for a pyroelectric is thus 


t 


D*, 


(16 k o T^)”'^ 


(7.9) 


10 * 4 . 

which for T=300K is 1.8x10 cm Hz /W. 


Perfoimance of present pyroelectrics is limited by two factors: di- 

electiic loss in the detector and high thermal conductance between detector and its 
surroundings. The detector limited D* is given by 

> V 


D*, 



(7.10) 


where 

p “ pyroelectric coefficient 

C =■ volume specific heat of detector material = pc 

C = dielectric constant 

tanfi = dielectric loss coefficient 

d “ detector thickness 

f = frequency 

T = thermal loss factor 

r 

Impro.ements in pyroelectrics will require (1) improvement in material 
parameters, (2) reduction of dielectric loss (3) decreased thickness d or (4) 
improved thermal isolation. Each of these was examined; the following conclusions 
were obtained: 

(1) Material parameters. The figure of merit for a pyroelectric detector is 
p/C i/n LI II . Auik .mil h.Tvt» found that Ov’cii thou.li tin niU’ ol thi 

parameters may vary significantly among pvroelcrtrn nateriils, the figure 
of merit was found to b<_ constant to within approMraalciy i f.irtor-^trf 
Jt was concluded that it was unlikely new pyroelectric n.tfi'rials wit*' 
signifuantlv imprinul f igiires-of-m< r 1 1 would be foin. 


.. i 


I — 


(2) Reduced dielectric loss. The origin of the dielectric loss (tani) is not well 
understood. Analysis of data on the best present pyroelectric detectors 
suggest that, at least at low frequencies, the measured loss is reilly 
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due to thennal exchange with the environment rather than a material 
or a processing phenomena. Further experimental investigation Into 
the origin of dielectric loss In pyroelectric detectors Is warranted. 

A practical limit to decreased loss Is amplifier noise; as tan6 is 
reduced the pyroelectric noise can decrease below the noise of available 
amplifiers. This limit, of course, depends on parameters such as 
detector area and capacitance. ^ 

(3) Reduced thickness. Reducing pyroelectric thickness improves D* as d 
Over the past few years there has been substantial effort to improve D* 
by reducing the thickness in crystalline pyroelectrics. Present limits 
to thickness are 2 V'm, achieved by Ion beam milling. Further reductions 
in thickness of crystalline pyroelectrics will be limited by the neces- 
sity of having the detector self-suoporting for thermal isolation. Thick- 
nesses ~1 appear to be a reasonable limit. 

Thinner detectors can be obtained using organic films. Films less than 
1-VBn thick appear practical. At present the films are limited by a low 
pyroelectric coefficient and high dielectric loss. However, substantial 
room for Improvement remains and pyroelectric polymers may become impor- 
tant In the future 

(4) Improved thermal isolation. Improv’.ng thermal isolation is the most 
important factor in improved detcctlvit>. Tlie present best pyroelcc- 
tri' detectors fabricated both from SBN and LlTaOj appear to have detec- 
tivity limited by thennal conductance between detector and surroundings. 
Further improvements, however, appear quite difficult. The best pre- 
sent pyroelectric detectors are usually in contact with the substrate 
only on supports well Isolated thermally from the cloctric.il ’y .’ctive 
region and are operated In vacuum. 

Figure 7.5 shows tlie detectivity for an SHV pyroelectric at 300°K as 
a function of the product of frequency times thickness. Curves arc ‘‘or a dielt..- 
tric loss factor of 0.003 for various thermal conductances. Data on the best 
present SBN pyroelectrics are shown also. As Figure 7.5 indiiates, high detec- 
tivity can *'e obtained onl> at rel.itlvel> ^ow frequencies even with very thin 
detectors. A d’tectivity of 5.0x10^ «m lizVW could be .icliicved or.lv out to 
20 Mz for a detector l-fn UiK k, or 50 llz for a 2-um iliKkncss. High deiec- 
tivit> will be obicncd only it relatively low frequencies, .\ciiieving lugli 
detectivity will aNo rti,uire good thcm.il isoi.ition; tins will be diffitult 
for sn.iH pyroclcttrii dements in .irr.ay i.onf lgur.it ions . Higher frequency 
responst' c.in he obtained if the dielectric loss Is improved. A i-j 'n thick 
py’"oe 1 cc { r iv with e.iiv‘i = l.0el0~“ »\nild .nhieve D* = 5.0>10 cm Hz'/W at 500 Hz. 


In summary, p>r lelci tri< s offer room tcraper.it u re opei ition ..iili lutec- 
tlviiy as liigli IS 5.0x10^* iin 'iz ■'/K. However, pyroolcrti 'eS for hi zh detei tivitv 
appl u at lent, will probably remain low frtquencv devices (-lO-lOO H? > and .ippear 
di‘:i)ii)i to resalize in ■mill dcviie are.is ('" 10~* im-). I>J ff 1 1 ul ties such ,is 
tiler'' il isolation oi the i etui tor uill beeomc increasingly a prabler for liiglier 
dcUailvily .Hid sm 1 1 1 e r e’enunt sizt . 
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APPENDIX A 

STEADY STATE CAIXUUTIONS AND SWEEPOUT CORRECTION 


The signal and noise mechanisms in photoconductors (Subsection 2.4} 
were found to depend upon the steady state electron and hole population densities 
and the effective Incremental lifetime. The situation is complicated by 
ambipolar carrier drift in the applied field, which has the effect of reducing 
both the population densities and Che lifetime, ''he procedure followed here 
is to calculate the populations and lifetime ignoring sweenaut and then give an 
approximate correction method for sweepouC. 


In the ideal photoconductor considered here, the thermal generation- 
recombination mechanisms are the radiative and Auger. The rate equ-:tions are 
obtained from mass action principles as follows: 


g = Bn (radiative generation rate) 

R i 

r = Bnp (radiative recombination rate) 

R 

g. = C (— ) + C, . (^ ) (Auger generation rate) 

A ee n hh p 

2 ? 

r^ = ^ ^hh ^2^ (Auger recombination rate), 


(A.l) 
(A. 2) 
(A. 3) 

(A. 4) 


"o Po 


P n 
o o 




6 

■rt . 


( ‘ 
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Here n^ and are the electron ^nd hole densities at thermal equilibrium, 
n = n^ + An, p = p + An, and n^ = ® is the radiaj^i^e captcre proLabilit> 

and and Gj^^ are equilibrium Auger generation rates. 

The net thermal recombination rate (which can be expressed as a function 

of n only since p = n - Tn - p I) is: 

L o 0 -* 


R(n) = (r^ = g^) + (r^ - g^). 


(A. 5) 


The sLcad> state parameters for optical bias <J> (zero electrical bias) are 
obtained by tqu.'tiiip, K to the externally stimulated gcncr.jtlon rate: 


R(n ) = R(n ^ All ) = n<^ /t. 
B o B B 

Tlte Incrementa] lifetjn.e is: 

1 (i 


(n„) = 7 - R(i.) . 

B dn n=n„ 


(A. 6; 


(A. 7) 
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When a bias voltage is applied to the detector, a nonunlform coatentra- 
tlon profile is establisJsed between the electrodes due to ambipolar drift in 
the electric field. .If diffuston Is neglected, the steady state relation describing 
this profile is: 


dn 


R(n) - y^(n) E 


with the ambipolar mobility p given by: 


(A.8) 


p = ji (n-p)/(bn+p) . 
a e 


(A. 9) 


If the coordirate direction is chosen so chat x = 0 locates I he electrode 
coward which ihe minority carriers drift, the appropriate boundary condition 
for ohmic contacts is An •= 0 (n=n and p=p ) at x •- 0. The average n 
corresponding to (J)^ requires integrating (X.8), using n(0) = n , Co obtain 
n<x) and then averaging: 

SL 


Og = j y n(x)dx. 


(A. 10) 


For low optical bias, p is constant and R = ) /t where T is 


constant. Then equations A.8 and A. 10 yield: 

n<|i. 


n_ - n 
B o 


!j!!» ■ 

' ( ■ » I 


1 - exp (~l/n 




(A. 11) 


For large optical bias p and R may both vary apnreciably with x so the exact 

determination of requires numerical i->tegratlon. However, this may be 

avoided ^ytroduclng into equation A. 5 an empirical sweepout recombination 

terra r : * . . 

s ' 


r (n) = 
s 



n -p 
o o 

bn +p 
o o 


'bn +p 
o o 

bn+p 


,0.75 


(n-n ) 
o 


eff 


- '‘p’ 


6.^ + r 
A S 


(A. 12) 
(A. 13) 


The approximate n is determined as the solution of: 

p 

l<ejf(ng) = (A. 14) 

ami the effrcLive ordinary and imremental lifetimes arc analogous to the 
corresponding lifetimes defined in Sub.secijon 2.3: 


A-2 
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(A. 15) 

fd 1-1 

%ff “ [dn \ff'VJ * 

(A. 16) 


The approximations A. 12 tnrougli A. 14 have been found to have a 

wide range of application in both n- and p-type calculations. Errors in 

"Ti are negligible when r is very small or very large. Worst case errors, 

when r n* R, are not more than 12% at low to moderate di_ such that n^ n, 5(n +p ). 
s B B o o 
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